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1 SUMMARY 

Prostate cancer (adenocarcinoma of the prostate, PCa) is one of the most common 

cancers in the world. Several treatment options exist, including surgery and 

radiotherapy with curative intention, hormonal therapy, and chemotherapy. The 

etiology of PCa is heavily dependent on androgens activating the androgen receptor 

(AR) with most drugs and therapy approaches focusing on this aspect. Unfortunately, 

cancer progression to a state that is characterized by therapy resistance and 

metastases is common and this late stage of PCa is considered incurable. Therefore, 

there is a need to further understand the underlying biology of this malignancy in order 

to discover new therapeutic approaches. 

The first project addressed the 17β-hydroxysteroid dehydrogenase (HSD17B) 6. 

This enzyme performs the oxidation of 3α-androstanediol (3α-Adiol) to 5α-

dihydrotestosterone (5α-DHT), thereby providing the AR with its main ligand. This 

reaction is an essential step in the so-called “backdoor” pathway of androgen synthesis 

and is suspected to play a role in PCa. Other enzymes were reported to perform the 

same reaction and together with HSD17B6 they are referred to as 3α-hydroxysteroid 

dehydrogenases (3α-HSDs). It was the goal to compare the enzymes’ ability to oxidize 

not only 3α-Adiol, but also 3β-Adiol as well as a potential reverse reaction by reducing 

5α-DHT. For that purpose, a reporter gene assay (transactivation assay) was used in 

intact CV-1 cells. This revealed that several enzymes were able to cause an AR 

activation by oxidation of 3α-Adiol, but HSD17B6 was uniquely able to oxidize 3β-Adiol 

as well. Oxidation of 3α-androsterone (3α-ADT) leads to the formation of 5α-DHT as 

well (via the intermediate product 5α-androstanedione or 3α-Adiol). A preliminary 

experiment showed that HSD17B6 was again the only enzyme to use not only 3α-ADT 

as substrate, but also its isomer 3β-epiandrosterone (3β-ADT). Based on the finding 

that HSD17B6 has a wider range of substrates that can lead to AR activation, we were 

interested in finding potential inhibitors for HSD17B6. While colleagues of the 

Computational Pharmacy group of the University of Basel generated a homology 

model of HSD17B6 to perform a virtual screening, I generated different expression 

constructs that can be used to establish an enzymatic assay for testing any hits 

obtained from the screening. Discovery of an inhibitor can help to further understand 

the importance of androgen synthesis in PCa and ideally may even find clinical 

application. 
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The main project investigated the role of the “orphan” enzyme 

dehydrogenase/reductase (DHRS) 7 in PCa. This enzyme has so far no assigned 

physiological substrate but it appears to be a tumor suppressor in the prostate. This is 

based on publications that showed decreased expression of DHRS7 in clinical PCa 

samples and that reduced expression in the PCa cell line LNCaP leads to increased 

proliferation. In addition, it was shown that DHRS7 is capable of reducing, and 

therefore inactivating, the AR ligand 5α-DHT to 3α-Adiol. The goal of this project was 

to further understand the role of DHRS7 in PCa. Experiments indicated that the 

function of DHRS7 in PCa cells is surprisingly unrelated to AR signaling. In order to 

discover other potentially related molecular pathways, an siRNA-mediated knock-down 

of DHRS7 in LNCaP cells was performed and followed by proteomic analysis. We 

discovered an increased expression of the epidermal growth factor (EGF) receptor 

(EGFR), a well known drug target in other cancers with both antibodies and small 

molecule inhibitors used to treat patients. Our findings were confirmed by molecular 

biology techniques in the LNCaP cells and in two additional PCa cell lines. Treating 

the cells with EGF after knock-down of DHRS7 led to increased activation of the EGFR 

by phosphorylation. Trends of increased phosphorylation of downstream signaling 

proteins were observed as well. By using data obtained from clinical samples of PCa, 

we were able to show a negative correlation of DHRS7 and EGFR expression and 

finally, analysis of patient survival rates showed a positive correlation between high 

expression of DHRS7 and better survival rates while high expression of EGFR 

correlated negatively with survival rates. These results support the hypothesis that 

DHRS7 is a tumor suppressor in the prostate but future studies are required to further 

describe the relationship between DHRS7 and EGFR and to identify the substrate of 

DHRS7.  
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2 INTRODUCTION 
 

2.1 Steroid Hormones 
 

Steroid hormones regulate various physiological functions and participate in the 

development [1-3]. They can be separated into glucocorticoids, mineralocorticoids, 

progestogens, estrogens, and androgens. Androgens are sex hormones that play a 

pivotal role in male sexual differentiation, maturation, and spermatogenesis [4-7]. The 

importance of androgens in health and development comes together with a substantial 

role in the development of diseases, including PCa [5, 6, 8]. 

In essence, steroid hormones act by binding to their corresponding receptor that 

leads to conformational changes, dimerization, translocation into the nucleus, and 

gene expression control by binding to DNA elements of genes harboring the 

corresponding response elements [1, 2]. For androgens, the target receptor is the AR 

and 5α-DHT the primary ligand [6, 9, 10]. 

 

2.1.1 Steroidogenesis of Androgens 
 

Androgen production is controlled by the hypothalamus through the secretion of 

gonadotropin-releasing hormone (GnRH), which stimulates the anterior pituitary gland 

to secrete follicle-stimulating hormone and luteinizing hormone (LH) [11-13]. The latter 

stimulates the Leydig cells of the testes to produce testosterone, which is converted to 

5α-DHT in the prostate and other target tissues. Testosterone also participates in the 

negative feedback loop thus limiting its own production (Figure 1). 

Of note is also corticotropin-releasing hormone (CRH) that is released by the 

hypothalamus [3, 11, 12]. It stimulates the anterior pituitary gland to release 

adrenocorticotropic hormone (ACTH). The adrenals, stimulated by ACTH, produce 

androgens in the Zona reticularis, particularly dehydroepiandrosterone (DHEA) 

(Figure 1). This is important in the context of PCa because this provides an alternative 

source of androgens other than the testes after castration [13]. 

The common precursor of all steroid hormones is cholesterol which is converted to 

pregnenolone by cytochrome P450 (CYP) 11A1 with ferredoxin reductase (FDXR) and 

ferredoxin (FDX1) participating in the electron transfer [3, 5]. 
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Conventionally, through the 17β-hydroxylation and 17,20-lyase reaction, both 

mediated by CYP17A1 (with participation of CYP oxidoreductase [POR] and 

cytochrome b5 type A [CYB5A]), pregnenolone is first converted to 17β-

hydroxypregnenolone (17OH-pregnenolone) and then to DHEA (Δ5-route) [3, 5, 14]. 

Alternatively, pregnenolone is first converted to progesterone by the 3β-hydroxysteroid 

dehydrogenase (HSD3B) 1 or 2, followed by the actions of CYP17A1, leading to 17β-

hydroxyprogesterone (17OH-progesterone) and then to androstenedione through the 

Δ4-route, although the Δ5-route is preferred. To produce testosterone, DHEA is either 

A) first converted to androstenedione via HSD3B1/2 and then reduced by HSD17B3 

or aldo-keto reductase (AKR) 1C3 to testosterone or B) first reduced by HSD17B3 or 

AKR1C3 to androstenediol and secondly converted by HSD3B1/2 to testosterone [3, 

5, 8, 15]. Finally, testosterone is converted to 5α-DHT by the steroid 5α-reductase 

(SRD5A) 1 or 2, primarily in the target tissue [3-5, 8]. The production of 5α-DHT via 

DHEA and testosterone describes the conventional pathway and is indicated by 

orange color with the preferred Δ5-pathway in Figure 2. 

Figure 1 Hormonal regulation of androgen 
synthesis. Corticotropin- and gonadotropin-
releasing hormone (CRH and GnRH, 
respectively), produced by the hypothalamus, 
stimulate the pituitary gland to secrete 
adrenocorticotropic hormone (ACTH) and 
luteinizing hormone (LH). ACTH stimulates the 
adrenal Zona reticularis to produce adrenal 
androgens and LH stimulates the production 
of testosterone in the testes. 

10



 

In the backdoor pathway, 5α-DHT is formed without testosterone as precursor. 

Instead, progesterone is hydroxylated by CYP17A1 to 17OH-progesterone, reduced to 

17β-hydroxydihydroprogesterone (17OH-dihydroprogesterone) by SRD5A1, and 

further to 17β-hydroxyallopregnanolone (17OH-allopregnanolone) by AKR1C2/4 [3, 5, 

8]. The 17,20-lyase activity of CYP17A1 will then lead to 3α-ADT and by the activity of 

AKR1C3 or HSD17B3 to 3α-Adiol [14]. This acts as the precursor to 5α-DHT, which is 

generated by the oxidative activity of a 3α-HSD, e.g. HSD17B6 [10]. Depending on the 

sequence of reactions performed, other intermediate products may occur. For 

example, progesterone may be reduced by SRD5A1 before 17β-hydroxylation or 3α-

ADT is first oxidized to 5α-androstanedione [3, 5]. In Figure 2, the backdoor pathway 

is indicated with green color. The backdoor pathway is suspected to play a role in 

disorders of sexual development and other pathologies, including prostate cancer [3, 

16-18]. 

A second alternative pathway converts androstenedione to 5α-androstanedione via 

SRD5A1, which is then reduced to 5α-DHT, thus skipping testosterone as precursor, 

and may play a role in PCa as well [5, 18, 19]. 

Inactivation of 5α-DHT occurs through reduction, by AKR1C2 to 3α-Adiol or by 

AKR1C1 to 3β-Adiol [20], and by glucuronidation [21, 22]. Glucuronidation of 3α-Adiol 

at the 3α-hydroxyl group is mediated by UDP-glucuronosyltransferase (UGT) 2B7 or 

at the 17β-hydroxyl group by UGT2B15/17. UGT2B17 can also glucuronidate 5α-DHT. 

Figure 2 Androgen synthesis. Orange color indicates the conventional pathway with the preferred Δ5-route 
and testosterone as precursor to 5α-DHT. Green color indicates the backdoor pathway with 3α-ADT and 3α-
Adiol as precursors. The nomenclature of the different steroids is adressed in Table S1 in the supplementary 
information for an unambigous identification. 
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2.2 The Short-Chain Dehydrogenase/Reductase 
Superfamily 
 

The enzyme superfamily of short-chain dehydrogenases/reductases (SDRs) 

consists of over 80 members in humans, subdivided into five clusters [23]. Most are 

localized in either the endoplasmic reticulum (ER), mitochondria, or cytoplasm, and 

fewer members in the peroxisomes, nucleus, and Golgi apparatus [23]. With one 

another they share only around 10-30% sequence identity but the Rossmann fold, the 

binding site of the cofactor nicotinamide adenine dinucleotide (phosphate) NAD(P)(H), 

is common to all SDRs and the majority of the members share the catalytic tetrad Asn-

Ser-Tyr-Lys [23-26]. SDRs use a plethora of different substrates, including retinoids, 

lipids, xenobiotics, and steroids, including androgens [10, 15, 27], and are therefore 

involved in various physiological processes [23, 26, 28]. 

 

2.2.1 3α-Hydroxysteroid Dehydrogenases 
 

A number of SDRs – DHRS9 (SDR9C4), retinol dehydrogenase (RDH) 5 (SDR9C5), 

RDH16 (SDR9C8), HSD17B10 (SDR5C1), and HSD17B6 (SDR9C6) – have been 

described to perform an oxidative reaction towards the 3α-hydroxyl group of steroidal 

substrates and are therefore referred to as 3α-HSDs [10, 29, 30]. This reaction is 

central to the backdoor pathway in androgen synthesis and for that matter these 

enzymes are suspected to play a role in PCa. Figure 3 schematically shows the cluster 

of 5α-reduced androgens of the backdoor pathway and the enzymatic activities 

required for their interconversions. Within the SDR superfamily the 3α-HSDs are 

phylogenetically closely related and located in the ER, except for HSD17B10 [23, 28, 

31]. 
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2.2.1.1 DHRS9 
 

DHRS9 harbors an oxidative activity towards 3α-Adiol, allopregnanolone, and 3α-

ADT but also on the 17β-hydroxyl position of 5α-DHT [32]. Interestingly, a weak 

isomerase activity was shown as well, converting allopregnanolone to the 3β-isomer 

isopregnanolone via 5α-dihydroprogesterone [32]. Oxidation of retinoids was also 

described for all-trans retinol [33]. In vitro experiments providing NADH as cofactor 

allows DHRS9 to perform reductive activities towards 3α-ADT and 5α-DHT [32]. 

Overall, it was claimed that the 3α-oxidation worked most efficiently and that the 

enzyme is abundantly expressed in the trachea [32]. The expression of DHRS9 is 

decreased in colorectal cancer compared to matched non-tumor tissue which was 

associated with higher chance of lymph node metastasis, tumor stage, disease 

recurrence, and lower survival rates [34]. Conversely, in pancreatic cancer, the 

expression of DHRS9 was shown to be increased and associated with lower survival 

rates [35, 36]. 

 

 

Figure 3. The cluster of 5α-reduced androgens in the backdoor pathway. The arrows indicate the 
interconversions of the androgens with the required enzymatic activity to perform the conversion by either 
epimerization (Epim.), oxidation (Oxid.), or reduction (Red.). 
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2.2.1.2 RDH5 
 

Oxidative activity was observed towards 9-, 11-, and 13-cis retinol, but not all-trans 

retinol [37, 38]. Among steroids, 3α-Adiol and 3α-ADT are substrates for oxidation 

([38]). RDH5 is expressed in retinal pigment epithelium, the mammary gland, liver, 

prostate, and other tissues [37-39]. In hepatocellular carcinoma (HCC), decreased 

expression was associated with lower overall survival rates and a higher frequency of 

metastases [40, 41]. Additionally, knock-down using siRNA led to faster cell growth, 

whereas overexpression slowed down proliferation and migration as well as a loss of 

the epithelial-to-mesenchymal transition (EMT) marker vimentin, but an increase of E-

cadherin [40]. 

 

2.2.1.3 RDH16 
 

Substrates for oxidation by RDH16 are 3α-Adiol, 3α-ADT, 13-cis, and all-trans 

retinol and reductive activity converting 5α-DHT into 3α-Adiol was shown as well [42, 

43]. RDH16 is highly expressed in the liver but decreased in HCC [42-46], which was 

associated with lower survival rates [46]. This is supported by reduced cell migration 

and tumor formation in xenografts when cells overexpressed RDH16 [46]. 

 

2.2.1.4 HSD17B10 
 

Of the five described 3α-HSDs, HSD17B10 is the only one not located in the ER, 

but in mitochondria instead [23, 47]. It is largely expressed in the brain but was 

detected in the prostate as well [48, 49]. Different catalytic activities have been shown, 

including a 3α-HSD activity towards allopregnanolone, 3α-ADT, and 3α-Adiol and an 

oxoreduction of 5α-DHT and 5α-androstanedione [48-51]. HSD17B10 was associated 

with various neurological diseases and intellectual disabilities, particularly Alzheimer’s 

disease and Down’s syndrome [48]. Additionally, elevated expression was observed 

in PCa epithelium and in osteosarcoma patients with poor response to therapy [49, 

52]. 
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2.2.1.6 HSD17B6 
 

The tissue with the highest expression of HSD17B6 is the liver, with lower 

expression in the prostate, adrenals, spleen, lung, and other organs [53-57]. 

HSD17B6 was shown to perform oxidative reactions on the 3α-hydroxyl group of 

3α-Adiol, 3α-ADT, and allopregnanolone and a weak oxidative activity towards 3β-ADT 

and all-trans retinol [53, 54, 56]. A reductive activity was detected as well, converting 

5α-androstanedione to both 3α-ADT and 3β-ADT, with a preference for the latter (one 

third versus two thirds), and 5α-DHT to 3α- and 3β-Adiol [54, 56-58]. More interestingly, 

an epimerase activity was observed, interconverting 3α-ADT and 3β-ADT, with a 

preference for the 3α- to 3β-conversion both in microsomes and intact cells 

overexpressing HSD17B6 and a weaker 3α- to 3β-conversion of allopregnanolone to 

isopregnanolone [54]. 

While HSD17B6 is generally discussed in the literature as a 3α-HSD that leads to 

the formation of 5α-DHT [30, 59], one publication suggested a protective role of 

HSD17B6 in PCa instead through reduction and epimerization of 5α-DHT and 3α-

Adiol, respectively, to 3β-Adiol, leading to increased activation of the estrogen 

receptor β (ERβ) [57]. In regards to other diseases, HSD17B6 was shown to be less 

expressed in HCC and the lower expression correlating with higher tumor stages [45, 

60]. The lower expression of HSD17B6 was also associated with worse disease 

outlooks and overexpression of HSD17B6 in HepG2 cells led to decreased proliferation 

and migration [55, 60]. Besides PCa and HCC, a lower expression was also observed 

in lung and other cancers, but an increase in head and neck squamous cell carcinoma 

and breast cancer [55, 61]. Single nucleotide polymorphisms of HSD17B6 might be 

associated with hyperandrogenism in patients with polycystic ovarian syndrome [62]. 
 

2.2.2 The Orphan Enzyme DHRS7 
 

DHRS7 (SDR34C1) is closely related to DHRS7B and -C, as well as to the better 

known 11β-hydroxysteroid dehydrogenase 1 (HSD11B1) [23, 28, 31] (Figure 4). It was 

first isolated from retinal tissue, but it is also expressed in the skeletal muscle, heart, 

kidney, pancreas, and the prostate [63-66].  

It was shown that DHRS7 has a reductive activity towards the steroid hormones 

estrone, cortisone, and androstenedione, as well as towards several xenobiotics (e.g. 
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1,2-naphtoquinone, 9,10-phenanthrenequinone, and nicotine-derived nitrosamine 

ketone [NNK]), and all-trans retinal [64, 67, 68]. NADPH is the preferred cofactor and 

DHRS7 is bound to the ER membrane with the catalytic site facing the cytosol [27, 67] 

(Figure 4). 

Cortisone was proposed to be converted to cortisol by DHRS7, but the product was 

identified as 20β-dihydrocortisone instead, revealing a 20β-reductase activity [27, 64, 

67]. Although androstenedione was also reported to be a substrate in Sf9 cells, a 

conversion to testosterone could not be confirmed in DHRS7 overexpressing HEK-293 

cells [27, 64, 67]. Instead, a time and concentration dependent conversion of 5α-DHT 

to 3α-Adiol was observed, which was further supported by a decreased AR-mediated 

luciferase activity when DHRS7-expressing HEK-293 cells were treated with 5α-DHT 

at concentrations of 1 nM and higher [27]. An in silico approach also predicted 5α-DHT 

to be a substrate, which was then confirmed experimentally [69]. The ability of DHRS7 

to perform 20β- and 3α-reductions in the case of cortisone and 5α-DHT, respectively, 

was suggested to be due to the rotational symmetry of steroid hormones [27, 70]. 

The study of Araya et al. showing that DHRS7 is capable of reducing the AR ligand 

5α-DHT to 3α-Adiol is of great interest [27]. It may help explain the previous 

observation that the expression of DHRS7 in PCa tissue is gradually decreased with 

Figure 4. The orphan enzyme DHRS7. A) Cluster 3 of the phylogenetic 
tree of the SDR superfamily showing the close relationship of DHRS7 to 
DHRS7B, -C, and HSD11B1. B) Topology of DHRS7 in the ER membrane 
with the active site (AS) and the Rossmann fold (RF) on the cytoplasmic 
site. C) Proposed role of DHRS7 in the metabolism of 5α-DHT, preventing 
activation of the AR by 5α-DHT. Pictures taken from Štambergová H. et al. 
[64], Bray J. E. et al. [31], and Araya S. et al. [27] and adapted. 

16



 

increasing Gleason score [63]. Furthermore, by performing siRNA-mediated knock-

down of DHRS7 an increase of cell proliferation and migration as well as a decreased 

adhesion of the LNCaP cells was observed. The changes of migration and adhesion 

were also seen in PC-3 and BPH1 cells, but no increase of proliferation. A microarray 

experiment followed by RT-qPCR of selected differentially expressed genes showed 

expression changes of genes related to cell adhesion, cell cycle, and apoptosis [63]. 

The loss of DHRS7 expression in PCa is supported by another publication that showed 

primary PCa to express higher levels of DHRS7 than metastatic, androgen 

independent bone marrow metastases [71]. Conversely, Romanuik et al., using an 

LNCaP hollow fiber model, observed an increase of DHRS7 expression in LNCaP cells 

when transitioning from an androgen-sensitive towards a castration resistant 

phenotype. However, these experiments were performed in three mice only [72]. 

Taking together the loss of DHRS7 in higher grade PCa and metastatic samples, 

the increased aggressive phenotype of LNCaP cells after knock-down of DHRS7, and 

the ability of DHRS7 to convert the AR ligand 5α-DHT to 3α-Adiol raised the suspicion 

that loss of DHRS7 leads to higher intratumoral concentrations of 5α-DHT and thus 

promoting cancer progression. Figure 4 schematically displays the suggested role of 

DHRS7 in PCa. 
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2.3 Prostate Cancer 
 

2.3.1 Anatomy of the Prostate 
 

The prostate is part of the male reproductive system and located under the urinary 

bladder, in front of the rectum, and surrounds part of the urethra (prostatic urethra). 

The glandular part is divided into three major zones. The transitional zone (ca. 5% of 

the volume) surrounds part of the prostatic urethra and is typically the origin of benign 

prostatic hyperplasia. The central zone (ca. 25% of the volume) is behind the 

transitional zone and surrounds the ejaculatory ducts of the seminal vesicles. The 

peripheral zone (ca. 70% of the volume) is the most common origin of PCa and 

surrounds the transitional and central zones, except anteriorly, where the anterior 

fibromuscular stroma lays (Figure 5) [12, 73-75]. 

The prostate is made of two tissue types. The supporting stroma contains smooth 

muscle fibers and fibrous tissue. Embedded within the fibromuscular stroma are the 

acinar glands that transition into canals, which run together to form 12 - 20 main ducts 

that reach into the prostatic urethra [12, 74]. 

The glands are largely composed of luminal and basal epithelial cells. The secretory 

luminal cells are dependent on androgens and express AR whereas the basal cell layer 

maintains contact with the stromal tissue and houses prostatic stem cells [12, 74-76]. 

Scattered within the epithelium are neuroendocrine cells. They do not express AR and 

their function is unclear, but they are suspected to play a role in the growth regulation 

of the surrounding cells through a paracrine way [12, 75, 77-80]. The various epithelial 

and stromal cells can be identified based on their protein expression pattern [81]. 

Figure 5 Anatomy of the prostate. The prostate is composed 
of three major zones and the anterior fibromuscular stroma. 
Picture taken from Gray’s Anatomy and adapted [12]. 
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2.3.2 Epidemiology 
 

2.3.2.1 Incidence & Mortality 
 

The Global Cancer Statistics 2018 estimated PCa to be the second most commonly 

diagnosed cancer (13.5%) and the 5th most common cause of cancer related deaths 

(6.7%) in males. The highest incidence rates can be found in Australia/New Zealand 

and Northern and Western Europe, whereas the Caribbean and South and Middle 

Africa show the highest mortality rates. The lowest rates for both incidence and 

mortality are generally observed in different Asian regions [82]. 

In Switzerland, based on the latest Swiss Cancer Report [83], during 2008 to 2012, 

there were on average about 6200 PCa new cases and ca. 1300 PCa related deaths 

per year. With that, it was the most common one (30%) and second most common 

cause of cancer related deaths (15%) after lung cancer in males. With an overall life-

time risk of 16.4%, ca. every 6th male will be diagnosed with PCa at some point in his 

life. 

 

2.3.2.2 Risk Factors 
 

There are three major risk factors for PCa – older age, being of black ethnicity, and 

a positive family history of PCa [84]. 

Diagnosis of PCa at a young age (i.e. younger than 50 years) is uncommon, but 

incidence rates increase sharply after the age of 50 years [83, 85]. Accordingly, 

autopsy studies showed increased prevalence of undiagnosed PCa with older age [86]. 

Prevalence of PCa in autopsy studies was also different for various ethnicities. Asian 

males had a lower prevalence of PCa than males of European descent and black 

males had the highest [86, 87]. African American males show the highest incidence 

and mortality rates compared to other population groups and are more likely to present 

a more advanced type of PCa at the time of diagnosis [88-91]. 

Not only is a positive history of PCa in the family a risk factor, the risk is even higher 

when the family member was diagnosed at a younger age, was of first degree, and 

with the number of cases in the family. In addition, some studies have hinted at higher 

PCa risk when there were cases of breast cancer in the family [92-96]. 
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2.3.3 Diagnosis & Treatment 

2.3.3.1 Screening 

Screening for PCa, in hope of detecting it in an early, potentially curable state, is 

performed by digital rectal examination and by measuring blood levels of prostate-

specific antigen (PSA). Tumors that are palpable tend to be rather large already and 

not necessarily confined to the primary organ anymore and increased PSA levels are 

not necessarily related to cancerous tissue [75, 97-99]. While one patient can benefit 

from an early PCa detection and earlier treatment due to a PSA test [100-102], a 

patient with a less aggressive form is in danger of being “overdiagnosed” and suffer 

more from the unnecessary treatment rather than from the asymptomatic PCa itself 

[97, 103, 104]. Some studies indicated a link of PSA screening to reduced incidence 

of higher grade or late stage PCa or a lower mortality rate but others have failed to do 

so [100, 101, 105-107]. Thus, population wide PSA screening is somewhat 

controversial. In light of these inconclusive observations regarding the benefit of PSA 

screening and the danger of overdiagnosis and overtreatment, PSA testing should be 

performed on a case by case basis that weighs the benefits against the risks, 

incorporates patient-related factors (e.g. life expectancy and comorbidities), and the 

patient’s own preferences (a process termed informed decision making) [75, 98, 99, 

103, 108]. 

2.3.3.2 Tumor Staging 

In a suspected PCa case, a prostate biopsy should be performed, not only to confirm 

PCa as the cause of elevated PSA levels and/or an odd finding during digital rectal 

examination, but also for PCa staging purposes [98, 109, 110]. Traditionally, PCa is 

graded according to the Gleason grading system, a histological assessment of the 

biopsies with originally five architectural patters (Gleason grades 1 to 5; the higher the 

less differentiated) [109, 111, 112]. The grades of the two most common patterns in 

one sample are added, leading to a Gleason score of 2 to 10 – for example, a biopsy 

with grades 3 and 4 results in a Gleason score of 7. Over time, because of 

modifications to the grading system and a lack of reported grades 1 and 2, the scores 

nowadays range from 6 to 10 [113]. Additionally, score 7 was further stratified into 
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3+4=7 and 4+3=7 due to better prognostic value and score 9 and 10 were laid together 

to 9-10, leading to a five tiered scoring system [111, 114]. A more modern adaption 

translates the Gleason scores into Gleason score groups 1 to 5. Group 1 represents 

the scores ≤ 6 and group 5 the scores 9-10 [109, 111]. This grouping system was 

accepted by the WHO in 2016 and a schematic of the Gleason grading system is 

shown in Figure 6 [115]. The benefit of grouping the scores into groups 1 to 5 reduces 

a patient’s false perception of a grade 6 cancer to be advanced, while in fact it is the 

least severe form (i.e. the most differentiated) [109, 111]. 

Besides the Gleason grading system, the tumor-node-metastasis staging is used as 

well, to grade the cancer according to local tumor stage and size (T), affected 

locoregional lymph nodes (N), and distant metastases (M) [116]. 

 

2.3.3.3 General Treatment Outline 
 

Cancer staging is important for the risk stratification that allows more adequate 

therapy. In the case of localized disease, risk is typically divided into low risk, 

intermediate risk (with subdivisions low and high intermediate risk), and high risk. 

According to the risk classification and other factors, e.g. comorbidities and patient 

preferences, different treatment options are available. Choosing the appropriate 

treatment also depends on the absence or presence of metastases and whether the 

cancer is still sensitive to hormone treatment or not [75, 110, 117]. 

 

Figure 6. Gleason grading system. Left is the original drawing by Gleason D.F. [112]. In the middle and to the 
right the original and modified grading systems, respectively. 
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Localized Prostate Cancer 
 

For patients with localized, low risk disease or favorable intermediate risk, active 

surveillance is a good option to avoid unnecessary side effects due to overtreatment 

with repeated follow-ups allowing the evaluation whether additional interventions are 

necessary [75, 110]. Otherwise, prostatectomy and radiotherapy are options for 

patients with localized PCa of any risk class and are applied with a curative attempt. 

However, patients of older age with comorbidities or otherwise lower life expectancy 

may benefit more from “watchful waiting” rather than active intervention due to the 

potential side effects and complications associated with intervention. Depending on 

the risk of disease spread, patients who do undergo prostatectomy should consider 

pelvic lymph node dissection and similarly, adjuvant androgen deprivation therapy 

along radiotherapy may be recommended [75, 110]. 

 

Progressive Prostate Cancer 
 

For recurrent or metastatic PCa, it is important to differentiate between cancer cases 

that are still sensitive to androgen deprivation therapy (castration sensitive PCa) and 

those that have progressed beyond that stage (castration resistant PCa, CRPC) [75, 

117].  

In 1966, Charles Brenton Huggins received the Nobel Prize for Physiology or 

Medicine “for his discoveries concerning hormonal treatment of prostatic cancer” [118]. 

His work demonstrated that PCa reacts to androgen deprivation by means of surgical 

castration (bilateral orchiectomy), leading to clinical improvement [119]. Orchiectomy 

was shown to reduce total testosterone levels in serum to ~15 ng/dL (normal values: 

~200-750 ng/dL) and patients with levels of less than 20 ng/dL had better survival 

prospective compared to individuals with levels higher than 20 ng/dL [120, 121]. 

This shows the strong dependency of PCa on androgens, whose primary organ of 

origin in males are the testes [11-13]. Although surgical castration is performed less 

often nowadays, the concept of depriving the tumor of androgens continues to find 

application in clinical practice by chemical castration using agonistic or antagonistic 

GnRH analogues. This therapy approach is referred to as androgen deprivation 

therapy and is the main pillar in PCa treatment [13, 75, 117, 122, 123]. An advantage 

of chemical castration over orchiectomy is the potential reversibility but a drawback of 
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agonistic GnRH analogues is their potential to cause a transient increase of 

testosterone that can lead to short term worsening of symptoms. This can be avoided 

by using GnRH receptor antagonists instead or by coadministration of anti-androgens 

[117, 123-125]. 

Anti-androgens are AR antagonists and can be classified as steroidal (e.g. 

cyproterone acetate) and non-steroidal (e.g. flutamide, bicalutamide, or enzalutamide) 

[13, 75]. Monotherapy with anti-androgens has been shown to be inferior to surgical or 

chemical castration alone [126, 127], but as an addition to GnRH analogues they can 

slightly improve survival rates [128, 129]. 

An alternative to anti-androgens for combinational therapy is abiraterone acetate 

(the prodrug of abiraterone) [130]. This compound targets extragonadal androgen 

synthesis by inhibition of CYP17A1, thus preventing the formation of the androgens 

DHEA and androstenedione [131]. A metabolite of abiraterone, Δ4-abiraterone formed 

by the activity of HSD3B1/2, has anti-AR and other inhibitory properties that participate 

in abiraterone’s overall pharmacology [131]. In order to limit the adverse 

mineralocorticoid excess prednisolone is coadministered with abiraterone acetate 

[132]. 

Addition of chemotherapy by the use of docetaxel to androgen deprivation therapy 

has shown to be beneficial and can be used for cotreatment as well [133]. Various 

combinations of drugs with androgen deprivation have been explored and are applied 

regularly in clinical practice [75, 134]. 

Even though androgen deprivation therapy or primary combinational therapy 

performs well initially, therapy fails eventually and PCa develops into a form that is 

termed CRPC and considered incurable [75]. Androgen deprivation therapy is 

continued nonetheless since remaining on GnRH analogue treatment in that stage has 

shown benefits [135, 136]. Overall, therapy for CRPC is not largely different from 

advanced hormone sensitive PCa. If not already in use, anti-androgens, abiraterone 

acetate, or docetaxel can be used as addition to the continued androgen deprivation 

therapy or alternatively challenge the cancer with another drug. Less conventional 

alternatives exist as well, for example bone targeting radionuclides [75, 117]. 
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2.3.4 Late Stage Prostate Cancer 
 

2.3.4.1 Disease Progression 
 

Most cases of PCa rise from either luminal or basal epithelial cells in the peripheral 

zone of the prostate [12, 73-75, 137]. A rare but aggressive form of PCa, termed 

neuroendocrine PCa, may originate from neuroendocrine cells themselves, but it 

seems that a differentiation of “conventional” PCa (adenocarcinoma) towards a 

neuroendocrine phenotype, including a lack of AR, occurs more often [75, 77, 138]. 

This may happen through selection of cell populations that are resistant to androgen 

deprivation therapy [138-140]. Cellular markers can help differentiate between the 

cellular origins of PCa and current phenotype [75, 77, 138]. 

Part of disease progression is expanding through the basement membrane and 

extracellular matrix. This process involves loss of cellular polarity, loss of cell-cell and 

cell-stroma contact, leads to increased migratory capacity, and is commonly referred 

to as EMT [75, 141, 142]. An example of a protein involved in EMT is E-cadherin that 

participates in cell adhesion and is often lost. EMT allows PCa cells to detach from 

their primary site and disseminate to new sites via the lymphatic or vascular system. 

Typical sites for metastases to manifest are lymph nodes and bones [75, 141, 142].  

PCa also progresses in terms of response to treatment [75, 143]. Prostatectomy and 

radiotherapy are curative attempts but are not always successful. In one study for 

example, chances for 5, 10, and 15 year survival without any form of recurrence after 

radical prostatectomy for localized disease were 84%, 74%, and 66%, respectively 

[144]. PCa relapse after local treatment can be due to previously undetected, occult 

metastases or some cancer cells surviving therapy [75]. And although androgen 

deprivation therapy performs well initially, therapy fails eventually, yet AR signaling 

continues [143, 145, 146]. It is at this stage that PCa is termed CRPC and considered 

incurable. 

 

2.3.4.2 Transition to Castration Resistant Prostate Cancer 
 

The continued AR-mediated signaling in PCa and its contribution to CRPC can be 

divided into different mechanisms, though they are not mutually exclusive (Figure 7). 

These include increased intratumoral androgen synthesis, increased sensitivity 
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towards androgens, increased ligand spectrum through mutations of the AR, and 

androgen independent signaling of the AR [9, 75, 143]. However, bypassing the AR 

through alternative signaling pathways is possible as well [147, 148].  

 

Increased Androgen Production 
 

Synthesis of androgens in tissues other than the testes is one mechanism how PCa 

progresses to a castration resistant form. The adrenals produce DHEA that can be 

used for the formation of 5α-DHT [149]. A stabilizing mutation in HSD3B1, leading to 

increased resistance to ubiquitination and proteasomal degradation without affecting 

the enzymatic activity, was reported. Compared to the wild-type enzyme, this led to 

increased 5α-DHT formation and faster tumor formation of xenografts with this 

mutation in castrated mice [150].  

Abiraterone targets androgen synthesis by inhibition of CYP17A1 [131]. However, 

resistance to abiraterone can occur through increased expression of enzymes involved 

in androgen synthesis, including abiraterone’s target CYP17A1 [151, 152], but also 

other enzymes in androgen synthesis, e.g. CYP11A1 and AKR1C3, have been 

reported to be upregulated under conditions reflecting CRPC [71, 153, 154]. 

 

Figure 7. Mechanisms that can lead to CRPC. Under normal conditions, 5α-
DHT binds to the AR and iniates transcriptional regulation that can be amplified 
by increased production of androgens or AR. Mutations of the AR can lead to 
promiscuity and increased ligand spectrum. Through other signaling pathways, 
e.g. through receptor tyrosine kinases (RTKs), or splice variants, AR signaling 
can be androgen independent. Bypass of the AR can occur through 
glucocorticoid receptor (GR) signaling.  
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Increased Sensitivity to Androgens 
 

Increased sensitivity of the AR towards residual androgens after castration happens 

primarily through overexpression of AR which is more common in progressive disease 

compared to primary PCa [146, 155-158]. Cancer cells with higher levels of AR may 

have a growth advantage under active androgen deprivation therapy. Increased 

sensitivity to androgens can also occur through increased coactivators or by 

synergistic activation by other pathways (e.g. ERBB2) [158, 159]. 

 

Androgen Receptor Promiscuity 
 

Mutations of the AR can lead to a broadened ligand spectrum. A great example is 

the mutation T877A present in the LNCaP cell line. This allows estradiol, progesterone, 

and even the anti-androgen flutamide to act as agonists [160, 161]. Another example 

is the F876L mutation that leads to agonistic behavior of enzalutamide [162]. AR 

promiscuity, turning bicalutamide agonistic, has also been observed in a model of AR 

overexpression, although it appeared that this was due to altered coactivator 

recruitment [146]. 

An interesting observation is that a stop of anti-androgen treatment can lead to a 

transient improvement in terms of PSA response in some patients – a phenomena 

referred to as anti-androgen withdrawal syndrome [163, 164]. It suggests that in these 

patients the AR has acquired mutations that render anti-androgens agonistic. 

 

Ligand Independent Androgen Receptor 
 

The AR can continue to mediate cellular effects by transcriptional activity 

independently of androgens by the occurrence of AR splice variants that lack the ligand 

binding domain [151, 165, 166]. The most commonly and best described one is the AR 

splice variant 7 (ARv7) that was reported to appear in about 50% of tumor samples 

(ca. 35% in adjacent non-tumor tissue) and a median ratio of ARv7 to full-length AR 

expression of ca. 20% [156, 167]. 

Another mechanism of the AR to become androgen independent is the increased 

signaling through other mediators. For example, ectopical expression of the AR in the 

AR-negative DU145 cells followed by treatment with insulin-like growth factor 1 or 
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interleukin-6 led to the transcriptional activation of the AR in the absence of androgens 

[168, 169]. Treatment of PCa cells with EGF induced AR phosphorylation and 

downstream signaling and levels of phosphorylated AR were observed to be higher in 

hormone refractory PCa [170, 171]. The EGFR was shown to be increased in 

advanced PCa and may contribute to disease progression [172, 173]. Also, treatment 

with forskolin led to AR transactivation, suggesting AR activation through protein 

kinase A [174, 175]. 

 

Androgen Receptor Bypass 
 

Finally, PCa can be independent of the AR signaling. An LNCaP cell model with AR 

knock-out showed strong resistance against enzalutamide and loss of AR regulated 

gene expression could be replaced by the action of the glucocorticoid receptor (GR) 

[147]. In another example, an LNCaP model of AR independent growth was shown to 

be sustained by fibroblast growth factor receptor signaling [176].  

Lastly, PCa may transition to a neuroendocrine phenotype [177] with a shift of 

transcriptional profile that can include a decrease of AR expression [178]. Loss of the 

retinoblastoma protein transcriptional corepressor 1 (RB1) and the tumor protein p53 

may induce lineage plasticity, leading towards a neuroendocrine phenotype with 

resistance to the anti-androgen enzalutamide [139, 140].  
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3 AIMS OF THE THESIS 
 

PCa is a common malignancy in males and signaling through the AR, mediated by 

androgens, is a principal aspect of the molecular biology of this disease. The 

importance of the androgens testosterone and 5α-DHT is exemplified by depriving the 

cancer cells of said androgens though surgical or chemical castration. This leads to 

cancer regression and is often supported by pharmacological inhibition of the AR and 

extragonadal androgen synthesis. Unfortunately though, cancer recurrence and 

progression to therapy resistance are common. Therefore, better understanding of the 

molecular biology of this disease and new therapeutic approaches are urgently 

needed. 

Project 1 – HSD17B6: 

Several enzymes, grouped as 3α-HSDs, were shown to convert 3α-Adiol to the main 

AR ligand 5α-DHT. This conversion is a key component of the backdoor pathway of 

androgen synthesis. We aimed to compare the ability of the 3α-HSDs to cause AR 

activation by overexpression of these enzymes in an intact cell system followed by 

treatment with 3α-Adiol. We also wanted to compare the performance of the 3α-HSDs 

to oxidize 3β-Adiol and the potential to prevent AR transactivation by reducing 5α-DHT. 

In order to find potential inhibitors, we collaborated with the Computational Pharmacy 

group to create a homology model of HSD17B6 for a virtual screening and intended to 

generate various expression constructs that can be used to establish an enzymatic 

activity assay for testing any potential hits. 

Project 2 – DHRS7: 

It was shown that the expression of DHRS7 is lower in higher grade PCa, that siRNA-

mediated knock-down of DHRS7 leads to an increased aggressive phenotype of 

LNCaP cells, and that DHRS7 is capable of inactivating the AR ligand 5α-DHT to 3α-

Adiol. It was our goal to further understand the mechanism by which loss of DHRS7 

can contribute to PCa progression. For that purpose, we used siRNA-mediated knock-

down of DHRS7 followed by treatment with 5α-DHT. To discover potentially involved 

pathways other than the AR, we performed proteomics after knock-down of DHRS7 

and wanted to support our findings by incorporating patient derived data. 
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4 PROJECT 1 – HSD17B6 
 

4.1 Materials & Methods 
 

Chemicals & Reagents: 
 

CV-1 cells were a kind gift from Prof. Dr. Martin Spiess (Biozentrum, University of 

Basel, Switzerland). Minimum essential medium (51416C), trypsin (T4174), sodium 

pyruvate (S8636), the GenElute Plasmid Miniprep-Kit (PLN350-1KT), dNTPs (D7295-

.2ML), Geneticin G-418 (A1720), radioimmunoprecipitation assay buffer (R0278), 

cOmplete Mini proteinase inhibitor cocktail (11 836 153 001), ampicillin (10 835 242 

001), and the horse-radish peroxidase-conjugated anti-mouse antibody (A0168) were 

bought from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was 

obtained from Biowest (Nuaillé, France), Opti-MEM (51985-026) from Gibco, Life 

Technologies (Carlsbad, CA, USA), and polyethylenimine (PEI) (23966) from 

Polysciences, Inc. (Warrington, PA, USA). D-Luciferin sodium salt (BC218) was 

purchased from Synchem (Felsberg, Germany). The Galacto-Light Plus System 

(T1009) and Pierce bicinchoninic acid assay kit (23225) were bought from Thermo 

Fisher Scientific (Waltham, MA, USA). The SpectraMax L Microplate Reader was 

obtained from Molecular Devices (San Jose, CA, USA) and GraphPad Prism from 

GraphPad Software (San Diego, CA, USA). Penicillin-streptomycin (4-01F00-H) and 

L-Glutamine (5-10K00-H) were purchased from BioConcept (Allschwil, Switzerland) 

and the iProof HF DNA polymerase (1725301) from Bio-Rad Laboratories, Inc. 

(Hercules, CA, USA). The DpnI (R0176S) and BsmBI-v2 (R0739) restriction enzymes 

were purchased from New England Biolabs (Ipswitch, MA, USA). Primers for site 

directed mutagenesis and cloning were obtained from Microsynth (Balgach, 

Switzerland; Table S2). The PureYield Plasmid Maxiprep System (A2393), Pfu DNA 

Polymerase (M7741), Wizard SV Gel and PCR Clean-Up System, and T4 DNA ligase 

(M180A) were purchased from Promega (Madison, WI, USA) and the anti-HSD17B6 

antibody (ab88892) from Abcam (Cambridge, UK). The anti-β-Actin antibody (sc-

47778) was bought from Santa Cruz Technology (Dallas, TX, USA). The MEXi-293E 

cells (2-6001-001), pDSG-IBA103 vector (5-5220-001), MEXi-Cultivation (2-6010-

010), and Transfection Medium (2-6011-010) were purchased from IBA Lifesciences 

(Goettingen, Germany) and the Fusion FX device from Vilber (Collégien, France). The 
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polyvinylidene fluoride membrane (IPVH00010) and Immobilon Western horse-radish 

peroxidase substrate kit (WBKLS0500) were obtained from Merck KGaA (Darmstadt, 

Germany). Plasmids expressing C-terminally FLAG-tagged RDH5 (NM_002905), 

RDH16 (NM_003708), and DHRS9 (NM_001142270) in pcDNA3.1 were purchased 

from GenScript (Piscataway Township, NJ, USA) and the other plasmids were 

available in house. 5α-DHT (A2570-011), 3α-Adiol (A1170-000), 3β-Adiol (1220-000), 

5α-androstanedione (A1630-000), 3α-ADT (A2420-000), and 3β-ADT (A2490-000) 

were bought from Steraloids Inc. (Newport, RI, USA). 

 

Cell Culture: 
 

CV-1 cells were cultured in minimum essential medium with 10% FBS, 100 U/mL 

penicillin, 0.1 mg/mL streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate 

(final concentrations) in a 5% CO2 atmosphere at 37°C. Cells were passaged at 

roughly 70 - 80% confluence by rinsing them with PBS and trypsinization. Charcoal 

treated medium was prepared by incubation on a rotor for 1 h at room temperature 

with 4 mg/mL charcoal and centrifugation (2,500 g, room temperature, 5 min). This was 

done twice, followed by sterile filtration (0.2 µm). The MEXi-293E cells were cultured 

in MEXi-Cultivation medium with 50 mg/L G-418 and 8 mM glutamine (final 

concentrations) in a 5% CO2 atmosphere at 37°C on a shaker and were passaged by 

diluting them 1:10 - 1:15 every 3 - 4 days. 

 

Transactivation Assay: 
 

CV-1 cells were seeded on 24-well plates (50’000/well), washed after 18 h with PBS 

and the medium was replaced by Opti-MEM. Cells were transfected with plasmids 

coding for a constitutively active luciferase (cLuc) (10 ng/well), an AR dependent β-

galactosidase (MMTV-LacZ) (160 ng/well), AR (160 ng/well), and either HSD17B6, 

DHRS9, RDH5, RDH16, HSD17B10, or empty pcDNA3.1 vector (70 ng/well) with 

1200 ng PEI in 50 µL Opti-MEM after the transfection mix was incubated at room 

temperature for 15 min. After 6 h, Opti-MEM was replaced by normal culture medium 

and after another 16 h, cells were washed with PBS and incubated for 2 h in charcoal 

treated medium. Then, medium was changed to a dilution series prepared in charcoal 
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treated medium containing the steroids as indicated. After 24 h, medium was removed 

and cells were lyzed in 60 µL Tropix lysis solution containing 0.5 mM dithiothreitol, 

incubated for 5 min at room temperature, and stored at -80°C for at least 30 min. Of 

the lysate, 20 µL were transferred to a 96-well plate to analyze luciferase activity by 

adding 100 µL D-luciferin solution (0.47 mM D-luciferin, 0.53 mM ATP, 0.27 mM CoA, 

0.13 mM EDTA, 33.3 mM dithiothreitol, 8 mM MgSO4, 20 mM tricine [pH 7.4]) and 

20 µL to analyze β-galactosidase activity using the Galacto-Light Plus System 

(addition of 70 µL of Tropix GALACTON-Plus in Tropix Galacto Reaction Buffer 

Diluent, 1:100 [v/v], 30 min incubation in the dark at room temperature, followed by 

addition of 100 µL Tropix Accelerator II). A Spectramax L Microplate Reader (SoftMax 

Pro v5.4.6.005) was used to measure luminescence after plates were dark adapted for 

1 min and the substrate was added. Activity of β-galactosidase was normalized to the 

luciferase activity and the DMSO control. The PureYield Plasmid Maxiprep System 

was used to generate plasmids on demand from glycerol-stocks of Escherichia coli 

expressing the desired construct. 

 

Site Directed Mutagenesis: 
 

Site directed mutagenesis was performed using the iProof HF DNA polymerase with 

25 ng of plasmid template, 125 ng of forward and reverse primers, and 200 µM dNTPs. 

The PCR settings were as following: 30 s at 98°C, 12 cycles with melting for 30 s at 

98°C, annealing for 1 min at 55 °C, and elongation for 3 min 15 s at 72°C, and finalized 

with 10 min at 72°C. Successful PCR was checked by loading 10 µL of the PCR 

product on a 0.8% agarose gel. The remaining PCR product was further processed for 

the transformation of competent cells. 

 

Transformation of Competent Cells: 
 

The parent template in the remaining PCR product was digested by incubation with 

10 U of DpnI for 1 h at 37°C. Of the digest, 5 µL were used for transformation into 

competent cells by incubation on ice for 20 min, heat pulsed for 90 s at 42°C, incubation 

on ice for 5 min, addition of 1 mL of super optimal broth with glucose (SOC; 2% tryptone 

[w/v], 0.5% yeast extract [w/v], 8.56 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 7.15 mM 
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glucose), and incubation for 1 h at 37°C. After spinning down, the supernatant was 

removed until about 50 µL was left which was transferred on agar plates prepared from 

lysogy broth (171 mM NaCl, 1% tryptone [w/v], 0.5% yeast extract [w/v], 100 µg/mL 

ampicillin with added 2% agar [w/v]) and incubated overnight at 37°C. Colonies were 

picked the next day and incubated overnight in 4 mL lysogy broth. DNA was isolated 

using the GenElute Plasmid Miniprep-Kit and sequenced at Microsynth using a 

standard CMV-forward primer. 

Cloning into the pDSG-IBA103 Vector: 

PCR was performed using the Pfu DNA Polymerase with 1000 ng of DNA template, 

200 nM of forward and reverse primer, and 200 µM dNTPs. The PCR settings were as 

following: 3 min at 94°C, 35 cycles with melting for 30 s at 94°C, annealing for 30 s at 

60°C, and elongation for 2 min at 72°C, and finalized with 5 min at 72°C. The PCR 

product was run on a 1% agarose gel, cut out and purified using the Wizard SV Gel 

and PCR Clean-Up System. The purified PCR product was then cloned into the pDSG-

IBA103 vector according to the StarGate Direct transfer cloning protocol with the T4-

DNA Ligase and the BsmBI-v2 restriction enzyme by incubation for 1 h at 37°C. Of the 

product, 10 µL were used to transform competent cells as described above, plated on 

agar plates prepared with 100 µL of 10 mM IPTG and 40 µL of 50 mg/mL X-Gal, and 

incubated overnight at 37°C. White colonies were selected and further processed as 

described above. 

Transfection of MEXI-293E cells: 

MEXi-293E cells (10.5 × 106 in 7 mL) were collected in a Falcon tube and centrifuged 

(200 g, 2 min, room temperature). They were then suspended in 7 mL of transfection 

medium and placed on a 10 cm dish in the cell incubator for 10 min. The pDGS-IBA103 

vector coding for HSD17B6 was added dropwise (1500 ng/mL) and cells were placed 

into the incubator for 10 min. PEI was added dropwise (4.5 µg/mL) and the cells placed 

into the incubator for 3 h. Cells were then diluted 1:2 with culture medium and 

incubated for 48 h until lysis. 
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Western Blot: 
 

Transfected and non-transfected MEXi-293E cells were counted, transferred to a 

Falcon tube, centrifuged (200 g, 2 min, room temperature), and washed with 5 mL of 

PBS. Cells were then lyzed with 100 µL radioimmunoprecipitation assay buffer 

containing proteinase inhibitor per 1 × 106 cells. Protein concentration was determined 

by Pierce bicinchoninic acid assay, samples were boiled for 5 min at 95°C in Laemmli 

buffer (5 mM Tris-HCl, pH 6.8, 10% glycerol [v/v], 0.2% sodium dodecyl sulfate [w/v], 

1% bromophenol blue [w/v], 5% β-mercaptoethanol [v/v]), and stored at -20°C until 

Western blot. Twenty μg of protein were separated by SDS-PAGE (12.5% gel) and 

transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 

10% [w/v] defatted milk in TBS-T (1.11 g/L Tween 20, 20 mM Trizma Base, 137 mM 

NaCl, pH 7.6) at room temperature for 1 h. Incubation with the primary antibodies was 

done overnight at 4°C in 5% [w/v] milk in TBS-T (dilution 1:1000 for HSD17B6, 1:2000 

for β-Actin). Membranes were washed four times for 15 min in TBS-T, incubated with 

secondary antibody (dilution 1:5000) for 1 h at room temperature, and washed again 

four times for 15 min in TBS-T before acquiring the image using the HRP substrate kit 

in a Fusion FX device. 

 

Statistics: 
 

Statistical significance was tested using GraphPad Prism (v5.04) by applying two-way 

ANOVA test followed by Bonferroni multiple comparison post-test. P-value < 0.05 was 

considered to indicate a statistically significant difference. 

 

4.2 Results 
 
To investigate the ability of HSD17B6, DHRS9, RDH5, and RDH16 to activate the AR 

by oxidizing 3α- or 3β-Adiol, as well as preventing AR activation by 3-oxoreduction of 

5α-DHT, a transactivation assay using CV-1 cells was performed. 

Initially, we wanted to include HSD17B10 in these experiments. However, earlier 

studies either indicated no activity [10] or only at high substrate concentrations, i.e. 

5 µM and higher [49, 50]. Our preliminary experiment did not detect any relevant 

activity with any substrate even at the highest concentration of 100 nM, with the 
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exception of a trend to increased AR transactivation for 3α-Adiol (Figure 8). For this 

reason, we did not further study this enzyme 

Treatment of cells expressing HSD17B6, DHRS9, RDH5, RDH16, or empty vector 

control with 5α-DHT led to a concentration dependent AR transactivation. No 

differences were observed when comparing cells transfected with empty control vector 

to those expressing DHRS9, RDH5, or RDH16. The only statistically significant 

differences were seen with cells expressing HSD17B6 at the two highest 

concentrations (33.3 and 100 nM, Figure 9). 

3α-Adiol showed an AR transactivation at high concentrations (33.3 and 100 nM) 

with the empty vector control, but the expression of any of the 3α-HSDs (except 

HSD17B10) led to a significantly higher AR transactivation. Statistically significantly 

increased AR transactivation was achieved at concentrations as low as 0.10 nM in 

cells expressing RDH16 and 0.33 nM with HSD17B6 and RDH5. With DHRS9, 

statistically significantly higher AR transactivation was observed at concentrations of 

10 nM and higher (Figure 9), indicating it possesses weaker 3α-HSD activity than 

HSD17B6, RDH5, and RDH16. 

Similarly to 3α-Adiol, 3β-Adiol showed increased AR transactivation in cells with 

empty vector control, starting at concentrations of 3.33 nM. There was no difference in 

AR transactivation when cells expressed DHRS9, RDH5, or RDH16. However, when 

expressing HSD17B6, there was a clear trend of increased AR transactivation at 

Figure 8. Relative AR transactivation by 
HSD17B10. CV-1 cells were transfected with 
HSD17B10 or empty pcDNA3.1 and treated 
with 5α-DHT, 3α-Adiol, or 3β-Adiol. AR 
transactivation was normalized to DMSO and 
empty vector control. A single experiment was 
performed in duplicates (n = 1). 
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concentrations of 0.33 nM up to 10 nM, but the differences did not reach statistical 

significance (Figure 9). 

3α-ADT is an essential intermediate product of the backdoor pathway [3, 5, 8, 14] 

and an oxidation of 3α-ADT has been reported for all 3α-HSDs [32, 38, 42, 50, 54, 56]. 

Because 3α/β-ADT and 5α-androstanedione are structurally similar to 3α/β-Adiol and 

5α-DHT (a 17-carbonyl instead of a 17β-hydroxyl group, Figure 3), we tested whether 

we can see similar results when cells are treated with 3α-ADT, 3β-ADT, and 5α-

androstanedione. We thus performed a preliminary experiment with all five 3α-HSDs 

Figure 9. Relative AR transactivation by HSD17B6, DHRS9, RDH5, and RDH16. CV-1 cells were transfected 
with the corresponding enzyme or empty pcDNA3.1 and treated with 5α-DHT, 3α-Adiol, or 3β-Adiol. AR 
transactivation was normalized to DMSO and empty vector control. Three independent experiments were 
performed in triplicates (n = 3). 
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and the compounds 5α-androstanedione, 3α-ADT, and 3β-ADT at a concentration of 

10 nM. The results showed no differences of AR transactivation among the different 

enzymes and empty control vector when cells were treated with 5α-androstanedione 

(Figure 10). Treatment with 3α-ADT led to an increased AR transactivation when cells 

expressed HSD17B6, RDH5, and RDH16. Lastly, when treating the cells with the 

isomer 3β-ADT, HSD17B6 was again the only enzyme whose expression led to 

increased AR transactivation. These results are overall comparable to those of 5α-

DHT, 3α-Adiol, and 3β-Adiol (Figure 9). 

Based on the observation that HSD17B6 is the only enzyme capable of using both 

the 3α- and 3β-isomers of Adiol and ADT, we concluded that this enzyme may be most 

interesting to consider further as potential drug target. We aimed to apply an in silico 

screening to identify potential inhibitors and for that reason we collaborated with the 

Computational Pharmacy group of the University of Basel. Since no crystal structure 

or homology model of HSD17B6 exists, Dr. André Fischer and Dr. Martin Smieško 

generated a homology model based on the crystal structure of HSD17B1 (Protein 

Databank entry 1A27) (Figure 11). The developed homology model was then used to 

screen the ZINC database [179]. A first proposed hit list, kindly provided by Dr. André 

Fischer, can be found in the Supplementary Information (Table S3). 

Selected hits of the in silico screening will have to be tested in vitro in the future. 

However, for that purpose, an enzymatic assay has to be developed first. Therefore, 

Figure 10. Relative AR transactivation by HSD17B6, DHRS9, 
RDH5, RDH16, and HSD17B10. CV-1 cells were transfected with 
the corresponding enzyme, or empty pcDNA3.1 and treated with 
5α-androstanedione, 3α-ADT, or 3β-ADT. AR transactivation was 
normalized to DMSO and empty vector control. A single experiment 
was performed in duplicates (n = 1). 
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several expression constructs of HSD17B6 in the pDSG-IBA103 vector for the MEXi 

transfection system were generated. The MEXi mammalian expression system allows 

high protein expression and purification using a Twin-Strep-tag. Although the 

enzymatic activity of the protein has to be tested first and a purification might be 

challenging considering that HSD17B6 is bound to the ER membrane with the active 

site facing the ER lumen [180], this expression system might be useful. Before cloning 

HSD17B6 into the pDSG-IBA103 vector, we created a construct in pcDNA3.1 vector 

with an inactivating mutation by exchanging tyrosine 176 for a phenylalanine (Y176F) 

in the active site in order to have an enzymatic negative control available for future 

experiments. To be able to clone HSD17B6 into the pDSG-IBA103 vector, a silent 

mutation, exchanging guanine 234 for an adenine (g234a), was required to remove a 

restriction site. Because the Twin-Strep-tag might alter the enzyme’s activity, 

constructs containing a stop codon in front of the Twin-Strep-tag were generated as 

well. Figure 12A shows the flow chart of the mutation and cloning process. One of the 

generated constructs was chosen to test the expression system. The successful 

expression of HSD17B6 in the pDSG-IBA103 vector in MEXi-293E cells is shown in 

Figure 12B. 

 

 

 

 

 

 

Figure 11. Homology model of HSD17B6. The 
model was generated based on the crystal 
structure of HSD17B1 with missing N- and C-
terminus. The figure was kindly provided by Dr. 
André Fischer. 
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4.2 Discussion & Outlook 
 

The backdoor pathway of androgen synthesis circumvents testosterone and instead 

uses 3α-ADT as a precursor for the generation of 5α-DHT via 3α-Adiol or 5α-

androstanedione. This requires an oxidation of the 3α-hydroxyl group of either 3α-Adiol 

or 3α-ADT (Figure 3) [3, 5, 8]. A group of enzymes was reported to be capable of 

performing the oxidation of the 3α-hydroxyl group of various substrates and are termed 

3α-HSDs based on this activity [10, 29, 30]. In some cases a reduction of 5α-DHT was 

reported and for HSD17B6 additionally an epimerase activity as well, converting 3α- to 

3β-isomers [32, 42, 43, 50, 54, 56, 57]. Although the efficiency of 3α-Adiol to 5α-DHT 

conversion was compared among the 3α-HSDs previously [10], the oxidation of 3β-

Adiol and reduction of 5α-DHT have not yet been addressed. The presented 

experiments addressed this lack of side-by-side comparison of the different activities 

towards these three substrates in an intact cell system. 

HEK-293 cells are frequently used for in vitro experiments due to their easy 

transfection. The decision not to use them for the presented transactivation assay was 

based on the ability of HEK-293 cells to metabolize 3α-Adiol , which is likely to be 

mediated by CYP7B1 [181, 182], and an endogenous 3α-HSD leading to an activation 

of the AR after incubating HEK-293 cells with 3α-Adiol [183]. This would interfere with 

our transactivation assay and lead to an underestimation of the activity of the 

overexpressed 3α-HSDs. Instead, CV-1 cells were chosen because treatment with 

Figure 12. Generation and expression of HSD17B6-pDSG-IBA103 constructs. A) Template for the generation 
of new constructs was the FLAG-tagged HSD17B6 available in house. An inactivating mutation exchanging 
tyrosine 176 of the active site for a phenylalanine (Y176F) was introduced as an enzymatic negative control. 
Insertion into the pDSG-IBA103 vector required a silent mutation, exchanging guanine 234 for an adenine (g234a) 
to remove a restriction site. HSD17B6 with or without inactivating mutation Y176F was cloned into the pDSG-
IBA103 vector with or without a stop codon in front of the Twin-Strep-tag (Strep). B) Western blot showing 
successful expression of one of the generated HSD17B6 constructs in MEXi-293E cells with β-Actin as loading 
control. 
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10 nM of 3α-Adiol did not activate an ectopically overexpressed AR previously [30], 

although higher concentrations are able to do so as shown by our experiments (Figure 

9). Additionally, treatment of CV-1 cells with high concentrations of 3α-Adiol (100 nM) 

led to the formation of 3α-ADT [30]. This suggests an oxidation of the 17β-hydroxyl 

group by an endogenously expressed enzyme. The enzyme responsible could be 

HSD17B6, since a weak 17β-oxidation by HSD17B6 was reported with testosterone 

and CV-1 cells were shown to express low levels of HSD17B6 [30, 53]. However, even 

though an endogenous oxidation of 3α-Adiol may be of concern, our transactivation 

assay was successfully showing increased AR activation at subnanomolar 

concentrations of 3α-Adiol when HSD17B6, RDH5, or RDH16 was overexpressed and 

similar trends were observed with 3β-Adiol and HSD17B6. 

In general, no changes were observed regarding AR transactivation when cells were 

treated with 5α-DHT in the presence of above mentioned 3α-HSD enzymes. This is 

particularly relevant for HSD17B6 as it stands in contrast to a previous publication [57]. 

Muthusamy et al. showed that treating HSD17B6 overexpressing HEK-293 cells with 

3α-Adiol or 5α-DHT led to slightly increased ERβ transactivation and lower EC50 

values. They suggested that HSD17B6 is protective in PCa by metabolizing 5α-DHT 

and 3α-Adiol to the ERβ agonist 3β-Adiol and they showed decreased expression of 

HSD17B6 and ERβ in higher grade PCa [181]. This is in contrast though with their own 

observation that treatment with 3β-Adiol showed slightly reduced ERβ transactivation. 

Although HSD17B6 was able to convert radiolabeled 5α-DHT to 3β-Adiol, it was less 

than 15% [57]. Therefore, HSD17B6 is indeed able to reduce 5α-DHT to 3β-Adiol, but 

the equilibrium appears to be in favor of 5α-DHT. This is supported by the majority of 

the literature that refers to HSD17B6 as a 5α-DHT-generating enzyme [10, 29, 30, 59], 

but also by our experiments showing significantly decreased AR transactivation at high 

concentrations of 5α-DHT only, but increased AR transactivation already at 

subnanomolar concentrations of 3α- and 3β-Adiol. As such, HSD17B6 would not only 

increase the abundance of the AR ligand 5α-DHT, but also decrease the abundance 

of the antiproliferative ERβ ligand 3β-Adiol. It should be mentioned that even though 

the ERβ is generally regarded to be protective in PCa and ERα to be oncogenic, 

conflicting data exist and the role of the ERβ may depend on the particular isoform 

present [184]. 

Treatment with 3α-Adiol showed that expression of all 3α-HSDs, with the exception 

of HSD17B10, will lead to increased AR transactivation at concentrations of 10 nM or 
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even lower, suggesting an oxidation to 5α-DHT. This is not surprising, as it essentially 

confirms previous findings including the comparable potency of HSD17B6, RDH5, and 

RDH16 leading to higher AR transactivation, the lower potency of DHRS9, and virtually 

non-existent activity for HSD17B10 [10]. 

The more striking observation was that HSD17B6 was the only enzyme of the 

investigated 3α-HSDs to induce AR transactivation when treated with 3β-Adiol. This 

became even more interesting when a preliminary experiment showed essentially the 

same pattern when comparing the AR transactivation among the 3α-HSDs treated with 

3α-ADT, 3β-ADT, and 5α-androstanedione. No difference was observed for any 

enzyme compared to empty vector control when treated with 5α-androstanedione, but 

several enzymes (HSD17B6, RDH5, and RDH16) led to AR transactivation with 3α-

ADT, and only HSD17B6 when treated with 3β-ADT. The ability of 5α-androstanedione 

to transactivate the AR, either directly or after treatment with 3α/β-ADT, is most likely 

due to an endogenously expressed enzyme capable of 17β-reduction, converting 5α-

androstanedione to 5α-DHT. HSD17B3 and AKR1C3 are two candidates to perform 

this reaction, or even HSD17B1 [3, 5]. The ability of HSD17B6 to lead to higher AR 

transactivation with 3β-Adiol and 3β-ADT might be related to the previously indicated 

epimerase activity [54]. Although 3α- to 3β-epimerization was preferred, a 3β- to 3α-

epimerization was shown and the intermediate product 5α-DHT or 5α-

androstanedione, respectively, could then lead to AR transactivation. The exact 

kinetics and equilibria of the oxidative, reductive, and epimerase activities remain 

elusive and while our applied transactivation assay was not suited to make such an in-

depth analysis, overall it appears that HSD17B6 favors AR activation with a preferred 

formation of 5α-DHT. 

Since HSD17B6 showed the widest substrate range regarding its potential to induce 

AR transactivation, it might be a more promising candidate as a drug target to prevent 

androgen synthesis via the backdoor pathway than the other 3α-HSDs. However, one 

factor that may compromise the utility of a HSD17B6 inhibitor is that this enzyme 

appears to be less expressed in advanced PCa and an inhibitor may therefore only 

find use in a subset of patients or in early disease [185]. In silico screening for inhibitors 

is a high throughput method to generate a list of potential candidates. Experiences with 

virtual screening for inhibitors of HSD17Bs have been made already [186]. For 

example, a ligand-based pharmacophore modeling followed by virtual screening led to 

the discovery of several inhibitors for HSD17B2, the most potent one showing an IC50 
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value of 240 nM in following in vitro tests [187]. For HSD17B6, colleagues of the 

Computational Pharmacy group generated a homology model based on the crystal 

structure of HSD17B1. The low sequence identity among SDRs (10-30%; HSD17B6 

and HSD17B1 26%) should be kept in mind when generating a novel homology model 

of an SDR based on the structure of another one [24]. However, one should also 

consider that the cofactor binding site Rossmann fold and the catalytic tetrad are well 

conserved in SDRs [24-26]. Also, even though sequence identities are low, several 

SDRs may act on the same substrates as it was shown by the presented experiment 

for 3α-Adiol. HSD17B1 is involved in estrogen metabolism but it can also use 5α-DHT 

as a substrate by reducing it to 3α- and 3β-Adiol [188, 189]. Hence, it performs the 

opposite reaction of HSD17B6. The opposite activities of HSD17B1 and HSD17B6 

might be explained by their intracellular localization. While HSD17B6 is bound to the 

ER membrane, facing the oxidative environment of the lumen, and utilizing NAD+ as 

cofactor, HSD17B1 is located in the more reductive cytosolic milieu and utilizes 

NADPH as cofactor [47, 180]. It will be interesting to test the proposed inhibitors 

derived from the virtual screening in future studies and compare the in vitro with the in 

silico results. 

Such an assay needs to be reliable with an acceptable throughput. Regarding 

HSD17B6, such a suitable assay remains to be developed. One option would be to 

use the generated pDSG-IBA103 constructs and the related MEXi-293E cell system to 

express large amounts of HSD17B6 protein. An initial experiment showed successful 

expression, but optimization might be required. Since the MEXi-293E cells grow in 

suspension they can be cultured in large bulks and preparation of microsomes is more 

convenient compared to microsomal preparation from adherent cells. The main 

advantage of using microsomes is the removal of cytosolic enzymes that could 

interfere with the substrate and/or product. A drawback is that the active site of 

HSD17B6 is facing the ER lumen and thus sonication is required to allow the substrate 

and potential inhibitor facilitated access to the catalytic site [47, 180]. Ideally, HSD17B6 

would be extracted from the ER membrane and purified using the attached Twin-Strep-

tag. However, isolation of the enzyme from the ER, the use of detergents, or the Twin-

Strep-tag itself may have an impact on the enzyme’s activity; issues that need to be 

carefully evaluated. 

Analysis of substrate conversion could be done by analyzing cofactor usage, 

however, since AR transactivation with overexpressed HSD17B6 in CV-1 cells was 
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achieved with subnanomolar concentrations, the cofactor turn-over is equally small – 

in fact too small to detect a potent inhibitor according to previous experiments 

performed in our laboratory (unpublished results). A liquid chromatography-mass 

spectrometry (LC-MS) method may allow the discrimination of the analytes of interest, 

particularly the separation of 3α- and 3β-isomers, but LC-MS experiments may require 

derivatization of the substrate and product to achieve sufficient sensitivity and they are 

expensive and time-consuming. 

A third possibility includes the use of radiolabeled compounds followed by 

separation using thin layer chromatography – a method regularly employed in our 

laboratory. But 3H-3α-Adiol and 3H-3β-Adiol are not commercially available. 3H-3α-ADT 

is offered by one vendor only and may act as a surrogate, although its oxidation would 

not directly lead to the AR ligand 5α-DHT. Furthermore, visualization of these 

compounds requires treatment with sulfuric acid and heat exposure and initial 

experiences by colleagues revealed issues with the recovery of the radioactive signal, 

requiring extensive trouble shooting. 

Another option would be applying the robust and reliable transactivation assay used 

in the presented experiments. However, there is a possibility that a potential inhibitor 

that may be confirmed in a cell-free assay will not be detected in intact cells due to the 

compound’s inability to enter the cell or efficient efflux. It must also be confirmed that 

the tested compounds themselves do not inhibit the AR. However, the detection of an 

inhibitor by an intact, functional cell system may boost confidence in its utility, which 

may enhance the motivation to pursue a cell-free assay. 

Because the generation of 5α-DHT from 3α- or 3β-ADT is a two-step conversion 

(Figure 3) in which HSD17B6 participates, inhibition of the 3α-oxidation would be of 

even greater interest in combination with inhibition of the 17β-reduction. A promising 

candidate is AKR1C3. Because of its activity it participates in both the conventional 

and backdoor pathway of androgen synthesis and has received attention as a potential 

drug target in PCa with several compounds being investigated for their potential to 

inhibit AKR1C3 [190]. This is supported by the increased expression of AKR1C3 in 

advanced PCa and in models reflecting CRPC, e.g. by resistance to enzalutamide or 

abiraterone acetate, and by knock-down of AKR1C3 leading to decreased basal and 

androstenedione-induced expression of AR regulated genes [71, 152, 191-193]. 

One inhibitor (ASP9521) even reached a phase I/II clinical trial. It showed an 

acceptable safety profile but no response in the 13 patients that participated [194]. The 
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recruited patients already showed metastatic CRPC with disease progression after 

chemotherapy and inhibition of AKR1C3 (and for that matter HSD17B6 or other 

enzymes involved in the backdoor pathway) may exert their most potent activity in 

earlier disease stages while androgen deprivation therapy is still effective. 

Furthermore, unlike the SDRs, AKR subfamily members show a high sequence identity 

(AKR1C1-4 over 80%) [195]. Development of specific inhibitors is therefore 

challenging and this is of particular note since AKRs that are implicated in metabolizing 

5α-DHT (AKR1C2 to 3α-Adiol and AKR1C1 to 3β-Adiol [20]), and thus effect a 

protective role, have been reported to be increased in progressive PCa as well [71]. 

Overlapping substrate specificity may also be of concern for an inhibitor of HSD17B6, 

since other enzymes, e.g. RDH5 or RDH16, could compensate for the loss of 

HSD17B6 activity and thus decrease the inhibitor’s efficacy. 

In order to proceed with this project, some preliminary experiments need to be 

repeated. Particularly the experiment that showed that HSD17B6 is the only enzyme 

capable of inducing AR transactivation with 3β-ADT is of importance. In case the 

pDSG-IBA103 vector constructs will be used, their activity (and inactivity of the ones 

containing the mutation Y176F) need to be tested and whether isolation using the Twin-

Strep-tag is feasible. A final hit list of potential inhibitors needs to be curated and an 

enzymatic assay established. Discovery of an inhibitor of HSD17B6 can at the very 

least be a valuable tool to explore the function of HSD17B6 and the backdoor pathway 

of androgen synthesis. Ideally, inhibition of HSD17B6 or other 3α-HSDs may increase 

and prolong response to androgen deprivation therapy and delay the occurrence of 

CRPC. 
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The Expression of DHRS7 Correlates Negatively with EGFR 2 

Expression and Positively with Survival Rate in Prostate Can- 3 

cer 4 
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Simple Summary: Prostate cancer is one of the most common malignancies in men. Current thera- 14 
pies are initially effective but often resistance develops, leading to tumor recurrence and death. 15 
Further research into molecular mechanisms involved in prostate cancer and therapy resistance is 16 
needed. We studied the role of DHRS7, a potential tumor suppressor with currently unknown phys- 17 
iological function, in prostate cancer cells using proteome and gene expression analyses. Despite 18 
the fact that DHRS7 can inactivate 5α-dihydrotestosterone, its effect on prostate cancer cells seems 19 
to be unrelated to androgen metabolism. When comparing three widely studied prostate cancer cell 20 
lines we observed a negative correlation between DHRS7 and EGFR expression. DHRS7 knock- 21 
down enhanced EGFR expression and phosphorylation. Importantly, DHRS7 expression correlates 22 
negatively with EGFR expression and positively with survival rates in prostate cancer patients. This 23 
study suggests a tumor suppressor role for DHRS7 by modulating EGFR expression and activity in 24 
prostate cancer.  25 

Abstract: Prostate cancer (PCa) is one of the most common malignancies in men, responsible for 26 
many cancer-related deaths. PCa typically responds to initial treatment, but resistance to therapy 27 
occurs, often leading to metastases and death. The dehydrogenase/reductase 7 (DHRS7, SDR34C1) 28 
is an “orphan” enzyme without known physiological function. DHRS7 was previously found to be 29 
decreased at higher stage PCa, and siRNA-mediated knockdown increased the aggressiveness of 30 
LNCaP cells. To further explore the role of DHRS7 in PCa, we analyzed the proteome of LNCaP 31 
cells following DHRS7 knockdown to assess potentially altered pathways. Although DHRS7 can 32 
inactivate 5α-dihydrotestosterone, its effect on PCa cells seems to be androgen-independent. How- 33 
ever, the proteome analyses indicated an increased expression of epidermal growth factor receptor 34 
(EGFR), which was confirmed by RT-qPCR and Western blotting. Comparison of androgen receptor 35 
(AR)-positive LNCaP and AR-negative PC-3 and DU145 PCa cell lines revealed a negative correla- 36 
tion between DHRS7 and EGFR expression. Furthermore, DHRS7 knockdown enhanced EGF-in- 37 
duced EGFR phosphorylation. Importantly, analysis of patient samples revealed a negative corre- 38 
lation between DHRS7 and EGFR expression both at the mRNA and protein levels, and DHRS7 39 
expression positively correlated with patient survival rates. These results suggest a protective role 40 
of DHRS7 in PCa, warranting further research. 41 

Keywords: DHRS7; EGFR; STAT3; prostate cancer; survival; phosphorylation; androgen; metabo- 42 
lism. 43 
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1. Introduction 46 

Prostate cancer (PCa) is the most common cancer and the third leading cause of can- 47 
cer-related death of men in Europe [1]. PCa treatment needs to take into account several 48 
patient- and disease-related factors. For cases in which the disease is still confined to the 49 
prostate, prostatectomy and radiotherapy are frequently undertaken in a curative at- 50 
tempt. However, the tumor may no longer be confined to the primary site of disease and 51 
these treatments are often not successful, with nearly half of the patients showing a rise 52 
in the PCa biomarker prostate-specific antigen (PSA) and requiring further therapy [2]. 53 

Since PCa is generally dependent on androgens and androgen receptor (AR)-medi- 54 
ated signaling, PCa is tackled by hormonal therapy with the intent of disrupting andro- 55 
gen-mediated signaling by the use of antiandrogenic drugs and chemical castration [2,3]. 56 
In hormone-sensitive PCa, such androgen deprivation therapy initially leads to clinical 57 
improvement; however, therapy eventually fails in most patients. This can be explained 58 
by several mechanisms, including alternative routes of androgen production from adrenal 59 
precursors, diminished androgen inactivation, enhanced AR sensitivity due to post-trans- 60 
lational modifications or abolished co-repressors, or by AR-independent signaling path- 61 
ways [3]. Once hormonal therapy is no longer effective, the cancer is commonly referred 62 
to as castration resistant PCa (CRPC). CRPC is currently considered non-curable and 63 
available treatment options, e.g. chemotherapy, are limited [2]. Thus, research is needed 64 
to better understand the mechanisms and pathways involved in PCa progression and to 65 
identify new potential therapeutic targets.  66 

The initial dependence of PCa on androgen signaling raised considerable attention 67 
to enzymes involved in androgen metabolism. The intratumoral formation of potent an- 68 
drogens may render advanced forms of PCa independent of the circulating levels of tes- 69 
tosterone and 5α-dihydrotestosterone (5α-DHT). In this regard, several members of the 70 
short-chain dehydrogenase/reductase (SDR) superfamily were shown to metabolize an- 71 
drogens, including hydroxysteroid dehydrogenase (HSD) 17B3 (SDR12C2), converting 72 
androstenedione to testosterone [4-6], dehydrogenase/reductase (DHRS) 11 (SDR24C1), 73 
also exhibiting 17β-HSD activity [7], and the 3α-HSDs converting 3α-androstanediol (3α- 74 
Adiol) to 5α-DHT, i.e. HSD17B6 (SDR9C6), retinol dehydrogenase (RDH) 5 (SDR9C5,), 75 
RDH16 (SDR9C8) and DHRS9 (SDR9C4) [8-10]. Additionally, HSD3B1 (SDR11E1) that is 76 
required for the production of intratumoral androgens from adrenal precursors has been 77 
associated with the development of CRPC [11]. 78 

Another SDR enzyme with the capability to metabolize androgens but with still un- 79 
known physiological function is DHRS7 (SDR34C1). It was first isolated from retinal tis- 80 
sue but is expressed also in prostate, liver, adrenals, thyroid gland and other tissues [12- 81 
16]. In vitro experiments using purified protein showed a preference for cofactor NADPH 82 
over NADH to catalyze the reduction of a variety of substrates when used at high concen- 83 
trations, including some carbonyl group containing xenobiotics, steroid hormones, in- 84 
cluding cortisone and androstenedione, as well as all-trans-retinal [13,17]. Later, experi- 85 
ments using HEK-293 cells expressing recombinant human DHRS7 confirmed cortisone 86 
as its substrate; however, it was converted to 20β-dehydrocortisone but not to cortisol [6]. 87 
Conversion of androstenedione to testosterone could not be confirmed by that study using 88 
intact cells and submicromolar concentrations. Instead, HEK-293 cells expressing DHRS7 89 
were able to inactivate 5α-DHT to 3α-Adiol, and AR-dependent luciferase activity was 90 
lowered upon coexpression with DHRS7, although only at 5α-DHT concentrations of 1 91 
nM and higher [6]. Later, this was supported by a study using in silico screening based on 92 
a homology model of DHRS7 and in vitro testing [18]. Together, these results suggested 93 
that DHRS7 might act as a tumor suppressor in early stage PCa by lowering intratumoral 94 
5α-DHT concentrations, thereby decreasing AR activity. A tumor suppressor role of 95 
DHRS7 was further supported by observations that DHRS7 expression is abolished in 96 
metastatic PCa compared to primary PCa, and its expression declines with PCa progres- 97 
sion as measured by the Gleason level [14,15]. The latter study also showed that siRNA- 98 
mediated DHRS7 knockdown leads to increased migration and decreased adhesion of the 99 
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PCa cell lines LNCaP and PC-3 and the benign prostate hyperplasia cell line BPH1. Fur- 100 
thermore, in AR-positive LNCaP cells, DHRS7 knockdown led to increased proliferation. 101 
Nevertheless, the fact that DHRS7 was not able to prevent AR transactivation at subnano- 102 
molar concentrations, reflecting physiological levels, and that DHRS7 knockdown in- 103 
creased cell migration and decreased adhesion of AR-negative PC3 cells, indicated the 104 
existence of androgen-independent functions of DHRS7.  105 

Therefore, to further explore the role of DHRS7 in PCa, we first investigated whether 106 
the effects of DHRS7 knockdown on gene expression in LNCaP cells are androgen-de- 107 
pendent. The expression of three AR-target genes was measured after incubating LNCaP 108 
cells, following DHRS7 knockdown, with 5α-DHT. Second, in an unbiased approach to 109 
identify genes and/or pathways affected by DHRS7, we performed a proteomics experi- 110 
ment in LNCaP cells after DHRS7 knockdown. The expression of AR and three androgen- 111 
regulated target genes was further validated on the mRNA and protein level. Then, we 112 
performed a KEGG pathway annotation of the proteome data and searched for proteins 113 
annotated with PCa, which yielded 48 proteins, of which the transmembrane tyrosine ki- 114 
nase Epidermal Growth Factor (EGF) receptor (EGFR) and its downstream target Signal 115 
Transducer and Activator of Transcription (STAT) 3 [19-21] were further studied on the 116 
mRNA and protein level in LNCaP, PC3 and PC-3 cells. Finally, we tested a possible cor- 117 
relation between DHRS7 and EGFR expression in samples of PCa patients by analyzing 118 
The Cancer Genome Atlas (TCGA) database and by employing PCa tissue microarrays 119 
(TMA). The analysis of patient survival data revealed that lower DHRS7 expression and 120 
higher EGFR expression are both associated with decreased survival rates, whereas higher 121 
DHRS7 and lower EGFR expression seem to be beneficial. These results suggest a protec- 122 
tive role of DHRS7 in PCa, which seems to be at least in part mediated through the EGFR 123 
pathway. 124 

 125 

2. Materials and Methods 126 

2.1. Chemicals and reagents 127 

LNCaP (Cat# CRL-1740, RRID: CVCL_1379), PC-3 (Cat# CRL-1435, RRID: 128 
CVCL_0035), and DU145 (Cat# HTB-81, RRID: CVCL_0105) cells were purchased from 129 
American Type Culture Collection (Manassas, VA, USA). EGF (E9644), KAPA SYBR FAST 130 
qPCR Master Mix (KK4618), RPMI-1640 (R8758), cOmplete Mini (11 836 153 001) and 131 
cOmplete (04 693 116 001) Proteinase Inhibitor Cocktails, Minimum Essential Medium 132 
(51416C), mouse polyclonal anti-DHRS7 antibody for TMA (Cat# HPA031121, Lot# 133 
R30582, RRID: AB_10600803), and 5α-DHT (10300-1G-F) were obtained from Sigma-Al- 134 
drich (St. Louis, MO, USA). siRNAs were purchased from Horizon Discovery (Cam- 135 
bridge, UK; Table S1), and oligonucleotide primers for RT-qPCR from Microsynth (Bal- 136 
gach, Switzerland; Table S2). RapidOut DNA Removal Kit (K2981), Pierce bicinchoninic 137 
acid assay (23225), the EASY-nLC 1200 system, the Orbitrap Fusion Lumos instrument, 138 
and Proteome Discoverer 2.2 software were purchased from Thermo Fisher Scientific 139 
(Waltham, MA, USA). Lipofectamine RNAiMAX (13778-150) was bought from Invitrogen 140 
(Waltham, MA, USA), fetal bovine serum (FBS; S1810) from Biowest (Nuaillé, France), and 141 
QIAcube-equipment, RNeasy Mini Kit (74106), and the Rotor-Gene Q from Qiagen 142 
(Venlo, the Netherlands). The NanoDrop OneC was purchased from Witec AG (Sursee, 143 
Switzerland), Protein Assay Kit for Bradford Assay from Bio-Rad Laboratories (Hercules, 144 
CA, USA), PVDF membrane (IPVH00010) and Immobilon Western horse-radish peroxi- 145 
dase (HRP) substrate kit (WBKLS0500) were purchased from Merck KGaA (Darmstadt, 146 
Germany), and Ham’s F-12K Medium (21127022) and Opti-MEM (51985-026) from Gibco 147 
(Life Technologies, Carlsbad, CA, USA). The Fusion FX instrument from Vilber (Col- 148 
légien, France) and Lysyl endopeptidase (LysC) from Wako Chemicals (Neuss, Germany). 149 
Rabbit monoclonal anti-EGFR antibody (Cat# 790-4347, Clone 5B7, RRID: AB_2617183), 150 
rabbit anti-AR antibody (Cat#760-4605, clone SP107, RRID: not available) for TMA, and 151 

47



Cancers 2021, 13, x FOR PEER REVIEW 4 of 29 
 

 

the Ventana BenchMark immunostainer were purchased from Ventana (Roche, Basel, 152 
Switzerland). The BOND-III immunohistochemistry staining system and BOND Polymer 153 
Refine Detection kit (Cat# DS9800) were bought from Leica Biosystems (Wetzlar, Ger- 154 
many), the Takara PrimeScript RT reagent kit (Cat# RR037A) from Takara Bio Inc. 155 
(Kusatsu, Japan), and GraphPad Prism from GraphPad Software (RRID: SCR_002798, San 156 
Diego, CA, USA). Sep-Pak C18 cartridges, packed with 50 mg Sorbent (Cat# WAT054955) 157 
were obtained from Waters (Milford, MA, USA). The Vydac 218TPN C18 column (250 × 1 158 
mm, 300 Å, 5 µm particle size) and ReproSil-Pur 120 C18-AQ reverse phase material (2.4 159 
µm particle size) were purchased from Dr. Maisch GmbH (Ammerbuch-Entringen, Ger- 160 
many), and PD-10 desalting columns from GE Healthcare (Chicago, IL, USA). All other 161 
chemicals and reagents were obtained from either Sigma-Aldrich or AppliChem GmbH 162 
(Darmstadt, Germany). Antibodies used for Western blotting are listed in Table S3. 163 

2.2. Cell culture 164 

LNCaP cells were cultured in RPMI-1640, PC-3 in Ham’s F-12K, and DU145 in Mini- 165 
mum Essential Medium. All cell culture media were supplemented with 10% FBS, 166 
100 U/mL penicillin, 0.1 mg/mL streptomycin and Minimum Essential Medium addition- 167 
ally with 2 mM L-glutamine and 1 mM sodium pyruvate (final concentrations). All cell 168 
lines were cultured in a 5% CO2 atmosphere at 37°C and passaged at roughly 70-80% con- 169 
fluence by rinsing with PBS, followed by trypsinization. For the experiments using 5α- 170 
DHT, 44 h after DHRS7 knockdown, cells were incubated in serum-free medium for 4 h, 171 
followed by treatment with 5α-DHT in fresh serum-free medium for 24 h. Treatment with 172 
EGF (100 ng/mL for 1 or 5 min) was performed after cells were incubated for 4 h in serum- 173 
free medium, 48 h after DHRS7 knockdown.  174 

 175 

2.3. Knockdown using siRNA 176 

Knockdown experiments were performed by transfection of cells (100,000 cells/mL) 177 
with 3.75 µL siRNA and 7.5 µL Lipofectamine RNAiMAX in 200 µL Opti-MEM for 6-well 178 
plates or 12.5 µL siRNA and 15 µL Lipofectamine RNAiMAX in 2 mL Opti-MEM for 10 cm 179 
dishes. Final siRNA concentration was 25 nM. The siRNA sequence targeting DHRS7 was 180 
selected from three others in a previous study [14]. 181 

 182 

2.4. Gene expression analysis by RT-qPCR 183 

Total RNA was isolated using QIAcube and RNeasy Mini Kit (Protocol for animal 184 
tissues and cells). RNA was quantified by NanoDrop OneC and genomic DNA removed 185 
using the RapidOut DNase Removal Kit. RNA (750 - 1000 ng) was reverse transcribed to 186 
cDNA using the Takara PrimeScript RT reagent kit according to the manufacturer’s in- 187 
structions. RT-qPCR was performed in a Rotor-Gene Q using KAPA SYBR FAST qPCR 188 
Master Mix with 4 ng of cDNA as template and 200 nM of oligonucleotide primers. Runs 189 
were started at 95°C for 5 min, followed by 40 cycles (10 s at 95°C, 15 s at 60°C, and 20 s at 190 
72°C), and finalized with a melting ramp (72°C to 95°C, 1°C increment every 5 s). Ct-val- 191 
ues were normalized to the housekeeping gene PPIA (2 - (Ct gene of interest – Ct PPIA)). 192 

 193 

2.5. Protein expression analysis by Western blotting 194 

Cells were homogenized in RIPA buffer containing cOmplete Mini proteinase inhib- 195 
itor, centrifuged (16,100 g, 10 min, 4°C) and supernatant was collected. Protein concentra- 196 
tion was assessed using the Pierce bicinchoninic acid assay according to the manufac- 197 
turer’s instruction. Samples were reduced by boiling (95°C, 5 min) in Laemmli buffer (5 198 
mM Tris-HCl, pH 6.8, 10% glycerol [v/v], 0.2% sodium dodecyl sulfate [w/v], 1% bromo- 199 
phenol blue [w/v], 5% β-mercaptoethanol [v/v]) and stored at -20°C. Proteins (20 µg) were 200 
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separated by 7.5-12.5% SDS-PAGE and transferred to PVDF membranes. Membranes 201 
were blocked in 10% (w/v) commercially available, defatted milk in TBS-T (1.11 g/L 202 
Tween 20, 137 mM NaCl, 20 mM Trizma Base, pH 7.6) for 1 h at room temperature. Mem- 203 
branes were incubated with primary antibodies overnight at 4°C and with secondary an- 204 
tibodies for 1 h at room temperature in 5% defatted milk in TBS-T. Antibody-labelled pro- 205 
teins were visualized using the Immobilon Western Chemiluminescence HRP substrate 206 
kit in a Fusion FX instrument. Relative protein expression was assessed by densitometry 207 
using Fusion FX-associated EVOLUTION-CAPT software. The antibody dilutions applied 208 
in the experiments are listed in Table S3. 209 

 210 

2.6. Proteome analyses in LNCaP cells 211 

LNCaP cells subjected for 24 h, 36 h, or 48 h to DHRS7 knockdown in 10 cm dishes 212 
were washed three times with ice-cold PBS and homogenized for 10 min in 1 mL ice-cold 213 
urea lysis buffer (8 M urea, 50 mM Tris-HCl pH 8.0, 75 mM NaCl, 1 mM PMSF) containing 214 
cOmplete protease inhibitors. Cells were then sonicated (3x 60 s, 4°C, 20% output, 2 min 215 
rest between cycles), centrifuged (12,000 g, 10 min, 4°C) and the supernatant was stored 216 
at -80°C. Protein concentration was measured by Bradford assay. The lysate was reduced 217 
(10 mM DTT, 55°C, 30 min) and alkylated (50 mM iodoacetamide, room temperature, 218 
15 min, in the dark). The reaction was stopped by adding β-mercaptoethanol (0.33% [v/v]). 219 
Lysates were desalted on PD-10 columns, previously equilibrated with 20 mL of 4 M urea, 220 
50 mM Tris-HCl pH 8.0, 150 mM NaCl, and proteins eluted with 4 M urea buffer with 50 221 
mM Tris-HCl pH 8.0, and 75 mM NaCl in 10 fractions of 1 mL each. Protein containing 222 
fractions (as measured by 280 nm absorbance) were pooled and protein concentration de- 223 
termined with the Bradford assay. The samples were stored at -20°C. Samples were di- 224 
gested with endoproteinase LysC (2x 2 h, 37°C, enzyme to protein ratio 1:100 [w/w]), and 225 
the urea concentration was lowered to 2 M with 50 mM Tris-HCl pH 8.0, 75 mM NaCl, 226 
followed by trypsin digestion (the first trypsin digestion was for 2 h, 37°C, enzyme to 227 
protein ratio 1:100 [w/w], followed by a second trypsin aliquot and overnight incubation 228 
at 37°C). Trifluoroacetic acid (TFA, 1% [v/v]) was used to stop the digestion and to lower 229 
the pH < 2. Sep-Pak C18 cartridges, packed with 50 mg sorbent, were used to desalt the 230 
samples. The cartridges were primed with 250 µL methanol, then 250 µL 80% acetonitrile 231 
(ACN)/0.1% TFA and equilibrated (750 µL 0.1% TFA). Samples were applied to the car- 232 
tridges, washed (1250 µL 0.1% TFA), and peptides eluted (350 µL 80% ACN/0.1% TFA). 233 
Absorbance at 280 nm was measured and the peptide concentration estimated according 234 
to Wisniewski et al. [22]. An aliquot containing 150 µg protein per sample was dried in a 235 
SpeedVac and stored at -20°C.  236 

The dried peptides were dissolved in 55 µL solvent A (20 mM ammonium formate, 237 
pH 4.5) and injected onto a Vydac 218TPN C18 column (250 × 1 mm, 300 Å, 5 µm particle 238 
size) at 30 µL/min that had been equilibrated with solvent A. Bound peptides were eluted 239 
at 30 µL/min with a linear gradient from 2% to 50% solvent B (20 mM ammonium formate, 240 
pH 4.5, 80% ACN) in 100 min. 2 min fractions were collected and every sixth fraction of 241 
the peptide-containing part of the chromatogram was pooled to achieve an even distribu- 242 
tion of peptides across all fractions. The peptide pools were dried in a SpeedVac and 243 
stored at -20°C for later analysis.  244 

Individual peptide pools were dissolved in 30 µL of 0.1% formic acid in water and 245 
separated on a nano HPLC column (75 µm × 30 cm, packed in-house with ReproSil C18- 246 
AQ reverse-phase material, 2.4 µm particle size). All pools were injected three times as 247 
technical replicates (2 µL injection volume). The mobile phase was solvent A (0.1% formic 248 
acid in water) and B (80% ACN/0.1% formic acid). An EASY-nLC 1200 system, set to 0.25 249 
µL/min, provided a linear gradient of solvent B: 0% for 5 min, from 0% to 35% over 155 250 
min, to 100% over 5 min, followed by 15 min at 100%. The column was connected to an 251 
Orbitrap Fusion Lumos instrument. The eluting peptides were ionized at 1.9 kV and the 252 
instrument was operated in data dependent mode with a cycle time of 3 s. Precursor scans 253 
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in the Orbitrap had a scan range of 400 – 1600 m/z at a resolution of 120,000, with a maxi- 254 
mum injection time of 100 ms. The data-dependent MS2 scans were done in the linear ion 255 
trap of the instrument and was set to allow for the maximal number of MS2 scans to be 256 
collected, with an injection time of 35 ms. The monoisotopic precursor selection (MIPS) 257 
mode was set to “Peptide”, the intensity threshold to 5000, and the dynamic exclusion 258 
duration to 60 s. Only peptides with a charge state of 2 – 7 were included in the analysis.  259 

Data obtained from the LC-MS/MS were searched against the SwissProt database us- 260 
ing the Mascot and Sequest HT search engines of Proteome Discoverer 2.2. Precursor and 261 
fragment mass tolerance was set to 10 ppm and 0.6 Da, respectively. The peptide modifi- 262 
cations methionine-oxidation and N-terminal acetylation were set to dynamic and cyste- 263 
ine-carbamidomethylation to static. Confidence of peptide matches was set to 1% false 264 
discovery rate. Relative protein quantification was done using the Minora Feature Detec- 265 
tor. The detected proteins were filtered with the following criteria: Master proteins and 266 
master protein candidates, high protein false discovery rate confidence by either Mascot 267 
or Sequest HT, identification with at least 3 different peptides whereby at least 1 peptide 268 
was uniquely assigned to the given protein, and proteins being detected in all technical 269 
triplicates. The proteomics data sets of each time point were median normalized using an 270 
additional LNCaP sample that was not subjected to any treatment or reverse transfection 271 
(seeded on a 10 cm dish and lysed after 24 h). Perseus software version 1.6.14.0 was used 272 
to perform KEGG pathway annotation and heat map generation (Z-score normalization 273 
followed by hierarchical clustering with standard settings) [23,24]. 274 

 275 

2.7. TCGA data analysis 276 

Expression data for 551 TCGA-PRAD samples were downloaded on 3rd March 2020 277 
using the TCGAbiolinks R package) in the form of FPKM-UQ [25]. AR signaling scores 278 
were calculated as previously reported, using the log2 (FPKM) of 30 genes which define 279 
the AR signaling pathway [26]. 280 

 281 

2.8. Tissue Micro Array and Immunohistochemistry 282 

One hundred twenty-four primary unselected prostate carcinomas treated at the Uni- 283 
versity Hospital Basel between the years 1986 and 2015 were included in this study. Two 284 
TMAs of these 124 tumors were constructed as previously described [27]. Each punch was 285 
derived from the center of the tumor in an area with no necrosis so that each TMA spot 286 
consisted of more than 50% tumor cells. For 40 cases, adjacent non-malignant tissue was 287 
selected from the same donor block. Data were collected retrospectively in a non-stratified 288 
and non-matched manner including patient age, tumor diameter, tumor stage, Gleason 289 
grade, lymphovascular invasion, and clinical outcome. The clinical outcome measure of 290 
interest was overall survival time. 291 

Immunohistochemical staining with anti-EGFR and anti-AR antibodies was per- 292 
formed on 4 µm thick sections using a Benchmark immunostainer according to the man- 293 
ufacturer’s recommendations. For immunohistochemical staining with anti-DHRS7 anti- 294 
body (dilution 1:600), antigen retrieval was performed with citrate buffer (pH 6.0) on a 295 
Leica Bond III IHC staining system using the BOND Polymer Refine Detection kit accord- 296 
ing to the manufacturer’s instructions which provides rabbit anti-mouse IgG and anti- 297 
rabbit poly-HRP-IgG as secondary antibody and DAB chromogen. Images were acquired 298 
using an Olympus BX46 microscope. Protein expression in tissues was evaluated and 299 
scored by a board certified pathologist (C.E.) who was unaware of the clinical data. The 300 
expression was evaluated based on cytoplasmic and/or membrane staining for EGFR and 301 
DHRS7 and nuclear staining for AR. Each tumor was scored semi-quantitatively for each 302 
marker by multiplying the proportion (%) of positive cells with the staining intensity score 303 
(0, none; 1, weak; 2, moderate; 3, strong). 304 
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2.9. Statistical Analysis 305 

To assess correlation of gene expression in the TCGA data, Spearman’s correlation 306 
was calculated using all samples or samples split according to the indicated groups. 307 

For the TMA, all analyses were performed in R (Version 3.6.3) [28]. The expression 308 
scores were visualized in ggplot, box plots, and ggscatter functions of the ggpubr package 309 
[29]. Statistical comparisons were performed using t-test or Wilcoxon’s test where appro- 310 
priate. Correlations were performed using the Spearman’s correlation coefficient. 311 

Patient survival analysis was performed using the survminer package. (version 0.4.8) 312 
[30]. Each feature was dichotomized for overall survival (OS) and progression-free sur- 313 
vival (PFS) using optimal cut-off values calculated by the “surv_cutpoint” function. Sur- 314 
vival times were evaluated using Kaplan-Meier survival curves and differences were an- 315 
alyzed using the log-rank test. 316 

For all other experiments, GraphPad Prism software (version 5.04) was used for sta- 317 
tistical evaluation by one- or two-way ANOVA with Bonferroni multiple comparison 318 
post-test or two-tailed t-test as indicated. P-value of < 0.05 was considered to indicate a 319 
statistically significant difference. 320 

 321 

3. Results 322 

 323 

3.1 Knockdown of DHRS7 does not alter AR-regulated gene expression 324 

Based on the previous observation that DHRS7 is capable of metabolizing the potent 325 
AR agonist 5α-DHT to the inactive 3α-Adiol [6], we investigated whether 5α-DHT treat- 326 
ment following knockdown of DHRS7 in AR-positive, androgen-dependent LNCaP cells 327 
would increase the expression of the AR target genes KLK3, TMPRSS2 and FKBP5 [31]. 328 
For this purpose, DHRS7 was knocked-down using siRNA for 48 h prior to incubation for 329 
another 24 h in the presence of 5α-DHT at the concentration indicated and mRNA expres- 330 
sion was checked by RT-qPCR. The results showed that DHRS7 mRNA expression was 331 
abolished, and although a concentration-dependent increase of the analyzed AR-regu- 332 
lated genes could be observed, there was no difference between control and DHRS7 333 
knockdown, with the exception of FKBP5 at 1 nM of 5α-DHT. Additionally, AR mRNA 334 
expression was unchanged or even tended to be decreased (Figure 1). 335 

 336 

3.2 Knockdown of DHRS7 did not affect AR and AR target proteins but led to an increased 337 
EGFR and STAT3 expression in LNCaP cells 338 

Because 5α-DHT treatment after DHRS7 knockdown did not result in an upregula- 339 
tion of AR target genes, we performed a proteomics approach to search for other poten- 340 
tially altered pathways that could explain the more aggressive phenotype of LNCaP cells 341 
observed after DHRS7 knockdown [14]. To assess protein changes over time, the proteome 342 
was analyzed after 24 h, 36 h, and 48 h of DHRS7 knockdown (Figure S1 and Files S1-3).  343 

We first wanted to confirm that AR target genes are not affected by DHRS7 knock- 344 
down on the protein level (Figure 1). Therefore, we inspected the AR and its target pro- 345 
teins KLK3, TMPRSS2, and FKBP5. As shown in Figure 2a, the expression of DHRS7 grad- 346 
ually decreased with time following knockdown, whereas the expression of AR and 347 
FKBP5 changed only marginally. KLK3 and TMPRSS2 expression seemed to increase with 348 
elapsing time, irrespective of DHRS7 knockdown. Upon knockdown, however, KLK3 and 349 
TMPRSS2 expression tended to be lower. Because the proteome analysis was performed 350 
only once at three different time points as a screening tool to generate hypotheses, we 351 
validated the obtained results on the mRNA and protein level by using RT-qPCR and 352 
Western blotting. Whereas the knockdown of DHRS7 was clearly evident on the mRNA 353 
and protein level, no changes were observed for AR, KLK3, TMPRSS2 and FKBP5 (Figure 354 
2b-d). 355 
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 356 

Next, because we were interested in pathway alterations related to PCa, we per- 357 
formed KEGG pathway annotation and searched for proteins annotated with “prostate 358 
cancer”. Of the 6675 proteins that were detected at all time points 48 proteins were anno- 359 
tated with the term “prostate cancer”. (Figure S2 and File S4). Most of these proteins 360 
showed rather minor changes (log2-fold change < 0.5) following DHRS7 knockdown, yet 361 
several proteins of known pathways seemed to be altered. Of the PI3K/Akt pathway, the 362 
PI3K catalytic subunit PIK3CB and the PI3K regulatory subunit PIK3R2 were elevated, 363 
but not AKT1 and AKT2. Among the Erk/MAPK pathway, MAP2K2 and MAPK1 were 364 
found to be lower after DHRS7 knockdown. Additionally, the cycline-dependent kinase 365 
CDK2 and the cycline-dependent kinase inhibitor CDKN1A were both downregulated 366 
after 36 h and 48 h of DHRS7 knockdown. Also, the protein levels of the transcriptional 367 
modulator CREB3L4, β-Catenin (CTNNB1), the transcriptional corepressor RB1 and the 368 
heat shock protein HSP90AA1 were decreased following DHRS7 knockdown, whilst the 369 
transcription factor NKX3-1 and the NFκB-pathway member NFKB1 were found to be 370 
upregulated. Interestingly, an upregulation of the EGFR was clearly evident at all three 371 
time points analyzed (Figure 3a).  372 

In the present study, we decided to further analyze the effect of DHRS7 knockdown 373 
on EGFR as this receptor has been shown to play a key role in various cancers, including 374 
non-small-cell lung, breast and colorectal cancer. This led to the development and ap- 375 
proval of both small molecule tyrosine kinase inhibitors (e.g. erlotinib) and antibodies (e.g. 376 
cetuximab) targeting the EGFR [32]. Furthermore, the transmembrane tyrosine kinase 377 
EGFR that is located at the plasma membrane is considered to be a master regulator of 378 
many signaling pathways that transduces externally received signals to modulate many 379 
biological processes important for cell growth and survival [33]. EGFR activation can af- 380 
fect the expression and activity of various proteins, including STAT3 [21,33,34]. Analysis 381 
of our proteomics data revealed a time-dependent increase of STAT3 after knockdown of 382 

Figure 1. Effect of DHRS7 knockdown on mRNA expression of AR and AR target genes. Comparison of 
mRNA expression (relative to PPIA) of (a) DHRS7; (b) AR; (c) KLK3; (d) TMPRSS2; and (e) FKBP5 in 
LNCaP cells after treatment with 5α-DHT for 24 h, following treatment of cells with mock siRNA or 
siRNA against DHRS7 for 48 h. Error bars indicate mean ± SD of three independent experiments (n = 3). 
CTRL = control; KD = knockdown of DHRS7. Statistical significance was calculated using the two-way 
ANOVA test with Bonferroni multiple comparison post-test. ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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DHRS7 (Figure 3a). We performed RT-qPCR and Western blotting of LNCaP cells sub- 383 
jected to DHRS7 knockdown and confirmed the time-dependent increase of EGFR and 384 
STAT3 expression seen in the proteomics data, which was statistically significant on the 385 
mRNA level at all time points and on the protein level after 48 h. (Figure 3b-d). Because 386 
Western blotting showed two bands for EGFR, we performed EGFR knockdown for 48 h 387 

Figure 2. Expression of AR and its target genes KLK3, TMPRSS2 and FKBP5 in LNCaP after DHRS7 knockdown. DHRS7 was 
knocked-down in LNCaP cells for 24 h, 36 h and 48 h. (a) Relative protein expression from the proteomics experiments. Control at 
24 h was set to zero and all other data sets were compared to the control at 24 h. (b) mRNA expression levels relative to that of PPIA. 
(c) Densitometry analysis of protein expression levels normalized to the control at 24 h and γ-Tubulin. (d) Representative Western 
Blot (one of three) with γ-Tubulin as loading control. Error bars indicate mean ± SD of the proteomics data (n = 1, technical triplicates, 
panel (a)) and mean ± SD of three independent experiments in the case of mRNA and densitometry (n = 3, panel (b) and (c)). CTRL 
= control; KD = knockdown of DHRS7. For mRNA and densitometry results statistical significance was calculated using the two-
way ANOVA test with Bonferroni multiple comparison post -test. **** p < 0.0001 
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using four different siRNAs, revealing that only the lower band corresponds to the EGFR 388 
(Figure 3e). 389 

 390 

3.3 Inverse correlation of DHRS7 and EGFR expression in LNCaP, PC-3 and DU145 cells 391 

Next, we tested whether knockdown of DHRS7 leads to increased EGFR expression 392 
in other PCa cell lines. A comparison of DHRS7 expression in LNCaP, PC-3 and DU145 393 
cells revealed that DHRS7 is expressed highest in LNCaP and less in PC-3 and DU145, 394 
with approximately 20% and 10% of the levels in LNCaP, respectively (Figure 4). An op- 395 
posite expression pattern was observed for EGFR, with highest levels in DU145, about 396 
60% less in PC-3 and ten-fold less in LNCaP. STAT3, which could not be detected in PC-3 397 
cells, showed about 3-fold higher levels in DU145 compared to LNCaP cells, both at the 398 
mRNA and protein level (Figure 4). The AR could only be detected in LNCaP cells, both 399 
at the mRNA and protein level.  400 

Next, we performed knockdown of DHRS7 in PC-3 and DU145 cells. DHRS7 mRNA 401 
and protein expression were efficiently diminished (Figure 5). In both PC-3 and DU145 402 
cells, DHRS7 knockdown led to a moderate trend increase in EGFR mRNA but a signifi- 403 
cant increase in EGFR protein levels. STAT3 showed elevated mRNA expression but only 404 
a trend increase at the protein level in DU145 cells.  405 

 406 

Figure 3. Effect of DHRS7 knockdown on the expression of EGFR and STAT3 in LNCaP cells. Knockdown of DHRS7 in 
LNCaP cells was performed for 24 h, 36 h, and 48 h. (a) Relative protein expression from the proteomics data sets. Control 
at 24 h was set to zero and all other data sets compared to the Control at 24 h. (b) mRNA expression levels relative to PPIA. 
(c) Densitometry analysis of protein expression levels normalized to Control at 24 h and γ-Tubulin. (d) Representative 
Western blot (one of three) with γ-Tubulin as loading control. (e) Knockdown of EGFR using four different siRNAs (n = 1). 
Error bars indicate mean ± SD of one experiment for the proteomics data (n = 1, technical replicates, panel (a)) and mean ± 
SD of three independent experiments for mRNA and densitometry (n = 3, panel (b) and (c)). CTRL = control; KD = 
knockdown of DHRS7. For mRNA and densitometry results, statistical significance was calculated using the two-way 
ANOVA test with Bonferroni multiple comparison post-test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001   
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3.4 Knockdown of DHRS7 leads to increased phosphorlyation of EGFR  407 

Based on the observed increase of EGFR expression after knockdown of DHRS7 in 408 
all three cell lines, we tested whether treatment of the cells with EGF would lead to en- 409 
hanced EGFR phosphorylation in DHRS7 depleted cells. For that purpose, cells were sub- 410 
jected to DHRS7 knockdown for 44 h prior to incubation in serum-free medium for 4 h 411 
and treatment with 100 ng/mL EGF for 1 min and 5 min, followed by Western blotting. 412 
Besides EGFR, we also assessed STAT3, Akt, and Erk1/2 phosphorylation and compared 413 
their expression levels between the three cell lines.  414 

In LNCaP cells, knockdown of DHRS7 led to increased EGFR expression compared 415 
to the control but treatment with EGF for 1 min and 5 min resulted in reduced EGFR ex- 416 
pression (Figure 6), which might indicate decreased protein stability upon ligand-depend- 417 
ent activation of the receptor. Importantly, EGFR phosphorylation was elevated in knock- 418 
down compared to control cells. After 5 min of EGF treatment, the difference was statisti- 419 
cally significant. STAT3 expression was higher in knockdown compared to control cells, 420 
and this effect was more pronounced following EGF treatment. This was accompanied by 421 
an increased STAT3 phosphorylation. Erk and Akt did not differ between knockdown and 422 
control cells. While there was no difference in the phosphorylation of Erk, Akt phosphor- 423 
ylation was significantly higher in DHRS7 knockdown cells after 5 min of EGF treatment. 424 

In PC-3 cells, the pattern of EGFR expression and phosphorylation resembled that 425 
observed in LNCaP cells, with elevated EGFR expression upon DHRS7 knockdown and a 426 
trend increase in its phosphorylation (Figure 7). Also, Erk and Akt displayed no difference 427 
in their expression between knockdown and control cells; however, unlike in LNCaP cells 428 
treatment with EGF for 5 min showed a significant induction of Erk phosphorylation in 429 
control but not in DHRS7 knockdown cells. Akt phosphorylation was enhanced by EGF 430 
after 1 min and 5 min, irrespective of DHRS7 knockdown. 431 

Also DU145 cells showed a similar pattern of EGFR expression and phosphorylation 432 
as seen in LNCaP and PC-3 cells with higher EGFR expression after DHRS7 knockdown, 433 

Figure 4. Comparison of DHRS7, EGFR, STAT3 and AR expression in LNCaP, PC-3 and DU145 cells. 
(a) mRNA expression levels relative to PPIA. (b) Densitometry analysis of protein expression levels 
normalized to LNCaP cells and γ-Tubulin loading control. (c) Western blot of three individual samples 
per cell line with γ-Tubulin as loading control. Error bars indicate mean ± SD of three independent 
samples (n = 3). Statistical significance was calculated using the one-way ANOVA test with Bonferroni 
multiple comparison post-test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p< 0.0001 
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a less pronounced effect upon EGF treatment, and a slight increase in EGFR phosphory- 434 
lation in DHRS7 depleted cells following EGF treatment (Figure 8). STAT3 expression in- 435 
creased after DHRS7 knockdown and its phosphorylation showed a trend increase after 5 436 
min of EGF treatment. While there was no difference in the expression of total Erk and 437 
Akt and Erk phosphorylation, Akt phosphorylation tended to be higher after EGF treat- 438 
ment and in DHRS7 depleted cells. 439 

A comparison of Erk and Akt expression in LNCaP, PC-3 and DU145 cells showed 440 
no significant difference for Erk protein expression among the three cell lines, whereas 441 
Akt expression tended to be higher in PC-3 and was higher in DU145 compared to LNCaP 442 
cells (Figure S3). 443 

 444 

Figure 5. Effect of DHRS7 knockdown on the expression of DHRS7, EGFR and STAT3 in PC-3 
and DU145 cells. (a) and (d) mRNA expression levels relative to PPIA in PC-3 and DU145 cells, 
respectively. (b) and (e) Densitometry analysis of protein expression levels normalized to 
control and γ-Tubulin loading control in PC-3 and DU145 cells, respectively. (c) and (f) Western 
blot from samples of PC-3 and DU145 cells, respectively, with γ-Tubulin as loading control. 
Error bars indicate mean ± SD of at least three independent experiments (n = 3 - 5). CTRL = 
control; KD = knockdown of DHRS7. Statistical significance was calculated using two-tailed t-
test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 
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 445 

3.5 Analysis of the TCGA database revealed an inverse correlation between DHRS7 and EGFR 446 
expression 447 

A previous study showed a negative correlation between DHRS7 expression and 448 
Gleason level in samples from PCa patients [14], and EGFR expression has repeatedly 449 
been reported to be increased at higher stages of PCa [35]. Based on our in vitro findings, 450 
we hypothesized an inverse correlation between DHRS7 and EGFR expression in PCa. 451 
Analysis of RNA expression using the TCGA database revealed a moderate but significant 452 
inverse correlation between DHRS7 and EGFR expression (Spearman’s correlation coeffi- 453 
cient = -0.15; p-value ≤ 0.001) (Figure 9). Taking into account that PCa tends to become 454 
AR-independent and that EGFR is expressed at higher levels in advanced PCa [3,35], we 455 
stratified the TCGA data according to AR signaling by median. This slightly increased the 456 
inverse correlation in the data with lower AR signaling (Spearman’s correlation coefficient 457 
= -0.19; p-value ≤ 0.01), whereas it reduced the inverse correlation in the data set of high 458 
AR signaling (Spearman’s correlation coefficient = -0.1; p-value > 0.05). The mRNA ex- 459 
pression of DHRS7 and STAT3 did not correlate but EGFR and STAT3 mRNA expression 460 

Figure 6. Effect of DHRS7 knockdown in LNCaP cells treated with EGF. (a) Densitometry 
analysis of protein expression and phosphorylation levels normalized to control without 
treatment or after 1 min of treatment where appropriate, with γ-Tubulin as loading control. 
(b) Representative Western blot (one of three) with γ-Tubulin as loading control. Error bars 
indicate mean ± SD of three independent experiments (n = 3). CTRL = control; KD = 
knockdown of DHRS7. Statistical significance was calculated using the two-way ANOVA test 
with Bonferroni multiple comparison post-test. * p < 0.05; ** p < 0.01; *** p < 0.001 
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showed a strong correlation (Spearman’s correlation coefficient = 0.62; p-value ≤ 0.0001) 461 
(Figure S4).  462 

 463 

3.6 Correlation of lower DHRS7 and higher EGFR expression with Gleason grade and reduced 464 
survival probability  465 

To assess whether the correlation on the mRNA level can also be seen on the protein 466 
level, we stained TMA slides for DHRS7, EGFR and AR and observed an inverse correla- 467 
tion between DHRS7 and EGFR expression (Spearman’s correlation coefficient = -0.25; p- 468 
value ≤ 0.05) (Figure 10a, b). A stratification on AR expression by median or mean did not 469 
improve the correlation (data not shown). Representative tumor slides are shown in Fig- 470 
ure 10b. Overall, DHRS7 expression was higher in non-tumor samples compared to tumor 471 
samples (Figure 10c) and, accordingly, EGFR expression was higher in tumor samples 472 
compared to non-tumor prostate samples (Figure 10d). Stratification by Gleason grade 473 
revealed a gradual decline of DHRS7 expression, whereas the difference between non- 474 
tumor samples and Gleason grade 9 and 10 were statistically significant. In contrast, EGFR 475 

Figure 7. Effect of DHRS7 knockdown on phosphorylation in PC-3 cells treated with 
EGF. (a) Densitometry analysis of protein expression and phosphorylation levels 
normalized to control, without or with EGF treatment as indicated. γ-Tubulin served as 
loading control. (b) Representative Western blot (one of three) with γ-Tubulin as loading 
control. Error bars indicate mean ± SD of three independent experiments (n = 3). CTRL 
= control; KD = knockdown of DHRS7. Statistical significance was calculated using the 
two-way ANOVA test with Bonferroni multiple comparison post-test. * p < 0.05; *** p < 
0.001; **** p < 0.0001 
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expression showed a gradual increase with Gleason grade and the expression in non-tu- 476 
mor samples compared to tumor samples of any Gleason grade was statistically signifi- 477 
cantly different (Figure 10d).  478 

In addition, we analyzed overall and disease-free survival rates of the patients in re- 479 
lation to the expression of DHRS7 and EGFR. High expression of DHRS7 was associated 480 
with higher overall survival probability (p-value ≤ 0.01) and showed a trend to be associ- 481 
ated with disease free survival probability (p-value = 0.053); in contrast, high expression 482 
of EGFR was associated with worse survival probabilities; both overall (p-value ≤ 0.05) 483 
and disease free survival (p-value ≤ 0.01) (Figure 11). 484 

 485 

4. Discussion 486 

DHRS7 is a member of the SDR superfamily (SDR34C1) and its role in physiology 487 
remains unclear. The previous observation of an association of decreased DHRS7 expres- 488 
sion with higher Gleason grade PCa emphasized the need to further investigate the role 489 
of this enzyme in PCa and to uncover its substrates [14]. Earlier studies provided evidence 490 
that DHRS7 is a multifunctional enzyme and may accept a variety of substrates, including 491 
xenobiotics, retinoids, and steroid hormones such as 5α-DHT [6,13,17]. The latter is of 492 

Figure 8. Effect of DHRS7 knockdown on phosphorylation in DU145 cells treated with EGF. (a) 
Densitometry analysis of protein expression and phosphorylation levels normalized to control 
without or with EGF treatment as indicated. γ-Tubulin served as loading control. (b) Representa-
tive Western blot (one of three) with γ-Tubulin as loading control. Error bars indicate mean ± SD 
of three independent experiments (n = 3). CTRL = control; KD = knockdown of DHRS7. Statistical 
significance was calculated using the two-way ANOVA test with Bonferroni multiple compari-
son post-test. * p < 0.05; *** p < 0.001 
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particular interest since other SDR members have been shown to play a role in androgen 493 
metabolism, with relevance for the regulation of intratumoral androgen concentrations 494 
[4,6,8,9,36]. Especially the finding that DHRS7 is capable of inactivating 5α-DHT, the most 495 
potent AR ligand in men [3,9], to 3α-Adiol led to the hypothesis that DHRS7 acts as a 496 
tumor-suppressor in PCa by lowering intratumoral 5α-DHT levels [6]. 497 

However, the results of this study do not support an androgen-dependent effect of 498 
DHRS7 in PCa. First, a siRNA-mediated knockdown of DHRS7 in the androgen-depend- 499 
ent LNCaP cells followed by treatment with 5α-DHT did not lead to differences in AR- 500 
regulated gene expression, even though a concentration-dependent increase of the AR 501 
target genes could be observed. This may be explained by an insufficient affinity of 502 
DHRS7 for 5α-DHT to allow efficient protection of AR. In line with the assumption that 503 
the conversion of 5α-DHT to 3α-Adiol by DHRS7 occurs only at supraphysiological con- 504 
centrations of 5α-DHT is supported by the observation from cell-based experiments 505 
where DHRS7 was able to partially suppress AR transactivation but only at concentrations 506 
of 1 nM and higher [6]. The only exception was an increase of FKBP5 after DHRS7 knock- 507 
down when treated with 1 nM of 5α-DHT. FKBP5 functions as a co-chaperone in protein 508 
folding through its peptidyl-prolyl cis-trans isomerase activity and has been linked to 509 
stress response [37]. The expression of FKBP5 is not exclusively regulated by the AR, but 510 
also by the progesterone and glucocorticoid receptor. The latter might be involved in the 511 
expression changes of FKBP5 as DHRS7 was shown to be able to convert glucocorticoids 512 
to their 20β-hydroxylated metabolites [6]. Second, knockdown of DHRS7 in LNCaP cells 513 
followed by proteome analysis did not detect any differences in the expression of AR and 514 
proteins that are typically increased by higher AR-activity (e.g. KLK3, TMPRSS2, FKBP5). 515 
Third, DHRS7 knockdown showed similar effects on EGFR expression and phosphoryla- 516 
tion in AR positive LNCaP and in AR negative PC-3 and DU145 cells. Thus, these findings 517 

Figure 9. Results of TCGA data analysis. Correlation of DHRS7 and EGFR mRNA expression in PCa samples of the 
total dataset (n = 551) or according to AR signaling (median separated, n = 275 each) of the TCGA database analysis.  
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indicate that even though DHRS7 is capable of metabolizing 5α-DHT to the weak andro- 518 
gen 3α-Adiol [6], this seems not to be involved in the more rapid proliferation of LNCaP 519 
cells after DHRS7 knockdown [14]. 520 

The results of the present study revealed a negative correlation between the expres- 521 
sion of DHRS7 and the transmembrane tyrosine kinase EGFR, a receptor involved in var- 522 
ious cancers with increased expression in PCa disease progression [32,33,38,39]. This neg- 523 
ative correlation was evident in PCa patients’ tumor samples, both at the mRNA and pro- 524 
tein level (Figure 9, 10), as well as in AR-positive and -negative PCa cell lines (Figure 5). 525 
Nevertheless, there is evidence for an inverse correlation between AR and EGFR expres- 526 
sion in PCa disease progression [40], and a shift from AR towards EGFR expression could 527 
contribute to the resistance towards AR targeting therapy in advanced PCa. A functional 528 
interaction between DHRS7 and EGFR is further evidenced by the fact that knockdown of 529 
DHRS7 in PCa cells enhanced EGFR expression and phosphorylation. The loss of DHRS7 530 
parallels a loss of prostate epithelial structure and may be related to the epithelial to mes- 531 
enchymal transition. During this transition, dependence on AR is often lost and enhanced 532 
EGFR-mediated signaling may promote tumor progression. The role of DHRS7 in this 533 
process needs further investigation. 534 

Figure 10. Correlation of DHRS7 and EGFR expression in PCa based on the analyses of TMA. (a) Correlation of 
DHRS7 and EGFR protein expression in PCa samples of the TMA analysis. (b) Representative staining results of 
the TMA in non-tumor and tumor tissue (scale bar 100 µm). Expression of DHRS7 (c) and EGFR (d) in non-tumor 
and tumor samples, total and grouped for Gleason score. Correlation was assessed using Spearman’s correlation. 
Statistical significance was calculated by two-tailed t- test for comparing total numbers of non-tumor and tumor 
samples and by two-sided Wilcoxon’s test. ** p < 0.01; *** p < 0.001; **** p < 0.0001 
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Our approach based on the KEGG pathway annotation “Prostate cancer” to select a 535 
protein for further analyses can be considered a first step to link DHRS7 with PCa. Follow- 536 
up experiments are needed to unravel proteins whose expression can be linked clearly to 537 
a knockdown of DHRS7. 538 

Both antibodies against signaling receptors on the plasma membrane of cancer cells 539 
and small molecule kinase inhibitors are used in oncology to treat various cancers, such 540 
as lung and colorectal cancer [32]. The EGFR could be an attractive target in advanced 541 
PCa. Phase II clinical trials investigated the use of the EGFR kinase inhibitors (gefitinib, 542 
lapatinib, erlotinib) in PCa, with moderate response but a number of patients showing 543 
stable disease [41-44]. Unfortunately, EGFR expression was not always assessed in these 544 
studies and a successful response to these therapies may require stratification of patients. 545 
In this regard, a major pathway through which EGFR is mediating its effects includes 546 
PI3K/Akt [45]. The primary negative regulator of PI3K is PTEN, a gene that is frequently 547 
altered or completely lost in PCa [46,47]. In colorectal cancer, the response of EGFR to 548 
treatment with cetuximab was dependent on PTEN status and in PC-3 cells, restoration of 549 
PTEN expression improved response to cetuximab-induced apoptosis and inhibition of 550 
cell proliferation [48,49]. Thus, besides EGFR, patients may need to be stratified for their 551 
PTEN status in order to achieve a satisfactory response. In this regard, a small trial using 552 

Figure 11. Correlation of DHRS7 and EGFR protein expression with survival probability. 
Kaplan-Meier curves showing the overall and disease-free survival probabilities of PCa 
patients in respect to DHRS7 and EGFR expression derived from TMA staining. OS = 
overall survival; DFS = disease-free survival. Statistical significance was calculated using 
the log-rank test.  
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EGFR-targeting cetuximab in combination with docetaxel indicated a better response de- 553 
pending on EGFR and PTEN expression [50]. 554 

In cell-based experiments, we assessed the effect of DHRS7 knockdown on the three 555 
key downstream mediators STAT3, Akt and Erk and observed differences among the cell 556 
lines applied. In LNCaP and DU145 cells, it seems that the signal is propagated via in- 557 
creased STAT3 and increased Akt phosphorylation. In contrast, in PC-3 cells, STAT3 could 558 
not be detected and Akt phosphorylation was not affected after DHRS7 knockdown but, 559 
surprisingly, the phosphorylation of Erk was abolished. STAT3 is considered to be onco- 560 
genic, including in the prostate [51]. For example, higher presence of phosphorylated 561 
STAT3 was detected in samples from PCa patients and STAT3 knockdown led to in- 562 
creased apoptosis in DU145 cells [52,53]. Whether DHRS7 knockdown mediated these ef- 563 
fects via EGFR or whether STAT3, Akt and Erk may be affected by other pathways influ- 564 
enced by DHRS7 remains to be studied. Thus, besides a negative correlation between 565 
DHRS7 and EGFR expression and the effects of DHRS7 knockdown on EGFR expression 566 
and phosphorylation, the mechanism by which DHRS7 exerts these effects remains un- 567 
known.  568 

Interestingly, retrospective cohort studies found that men exposed to the mineralo- 569 
corticoid receptor (MR) antagonist spironolactone had a lower PCa risk [54,55], suggesting 570 
a tumor promoting role of the MR. This receptor is stimulated by the steroids aldosterone 571 
and cortisol [56]. The stimulation of ectopically expressed MR by aldosterone in Chinese 572 
hamster ovary cells led to an induction of EGFR expression, which could be inhibited by 573 
spironolactone [57]. Similarly, HEK cells transfected with MR showed increased activity 574 
of an ectopically expressed EGFR promoter construct when treated with aldosterone [58]. 575 
Stimulation by EGF also lead to activation of the downstream mediator Erk [57]. Adren- 576 
alectomized rats under aldosterone treatment showed enhanced EGFR expression in kid- 577 
ney cortex homogenate compared to animals without aldosterone treatment [57]. A pre- 578 
vious in vitro study showed the potential of DHRS7 to catalyze the 20-oxoreduction of 579 
corticosteroids [6], thereby leading to inactive or less active metabolites. Whether expres- 580 
sion of EGFR via MR stimulation is of relevance in disease and whether DHRS7 is able to 581 
prevent MR-mediated EGFR expression under physiological circumstances remains to be 582 
addressed. 583 

The ligand-binding pocket of DHRS7 is highly lipophilic. This can be inferred from 584 
the finding that DHRS7 accepts steroids and all-trans retinal as substrates [13,17]. How- 585 
ever, substrates other than the so far identified ones are likely to be involved in the ob- 586 
served effects in PCa cells. An interesting group of potential lipophilic substrates are pros- 587 
taglandins. An increase of cell proliferation, adhesion and migration was observed in 588 
PGE2 treated PC-3 cells [59]. Furthermore, PGE2 treatment of normal gastric epithelial and 589 
colon cancer cells led to an activation of EGFR and Erk [60]. Another group of substrates 590 
of potential interest includes arachidonic acid derived metabolites. Interactome profiling 591 
of the cannabinoid receptor 2 (CB2) expressed in HEK-293 identified DRHS7 as an interac- 592 
tor that was detected only in CB2 expressing cells [61]. Ligands of the CB2 are lipophilic 593 
compounds, e.g. 2-arachidonoyl glycerol [62], and increased DHRS7 expression in CB2 594 
expressing cells might indicate a role in the synthesis or metabolism of lipid derivatives 595 
related to the CB2 signaling. The use of lipidomics, with a focus on certain subgroups of 596 
compounds (e.g. retinoids, fatty acids or prostaglandins) could be a valuable tool for the 597 
discovery of further substrates of DHRS7. 598 

 599 

5. Conclusions 600 

Despite the previous observation that DHRS7 is able to metabolize DHT, the results 601 
of the present study emphasize relevant androgen-independent effects of this enzyme in 602 
PCa cells. Using proteomics as a screening tool, we identified a time-dependent increase 603 
of EGFR expression in LNCaP cells following siRNA-mediated knockdown of DHRS7 ex- 604 
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pression. This observation was successfully confirmed using RT-qPCR and Western blot- 605 
ting in LNCaP cells and in two additional PCa derived cell lines – PC-3 and DU145. The 606 
three PCa cell lines applied showed an inverse correlation between DHRS7 and EGFR 607 
expression. Knockdown of DHRS7 followed by treatment with EGF led to increased re- 608 
ceptor phosphorylation. Importantly, we found an inverse correlation, both on the mRNA 609 
and protein level, between the expression of DHRS7 and EGFR in samples from PCa pa- 610 
tients. The expression of DHRS7 and EGFR correlated with the Gleason grade and addi- 611 
tionally with the overall and disease-free survival rates of PCa patients. This study will 612 
help to further elucidate the potentially protective role of DHRS7 in PCa. Further research 613 
is needed to elucidate the exact molecular mechanism underlying the link between 614 
DHRS7 and EGFR, to assess whether the inverse correlation of DHRS7 and EGFR expres- 615 
sion can be replicated in metastatic PCa samples, as well as to identify the physiological 616 
substrate(s) of DHRS7.  617 

 618 
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Appendix A 650 

 651 
Table S1. siRNA sequences used for knockdown experiments 652 

Target Gene Sequence (5’ – 3’) Cat# 

DHRS7 GAA AGA AGU UUG GAU CUC A D-009573-02 

EGFR #1 CCG CAA AUU CCG AGA CGA A D-003114-32 

EGFR #2 CAA AGU GUG UAA CGG AAU A D-003114-33 

EGFR #3 GUA ACA AGC UCA CGC AGU U D-003114-34 

EGFR #4 GAG GAA AUA UGU ACU ACG A D-003114-35 

Non-targeting control UGG UUU ACA UGU UUU CUG A D-001810-03-05 

 653 
Table S2. Primers used for RT-qPCR 654 

Target Gene Forward (5’ – 3’) Reverse (5’ – 3’) 

AR GAC ATG CGT TTG GAG ACT GC TTC CCT TCA GCG GCT CTT TT 

DHRS7 GAG TTT GGT AGA ATC GAC ATT GTG GAA AGA GGT ACA GAT ATG ATA CCC 

EGFR GGC AGG AGT CAT GGG AGA A GCG ATG GAC GGG ATC TTA G 

FKBP5 GAA TAC ACC AAA GCT GT CTC TTC CTT GGC ATC CT 

KLK3 AGG CCT TCC CTG TAC AC GTC TTG GCC TGG TCA TTT CC 

PPIA CAT CTG CAC TGC CAA GAC TGA TGC AAT CCA GCT AGG CAT G 

STAT3 CAG CAG CTT GAC ACA CGG TA AAA CAC CAA AGT GGC ATG TGA 

TMPRSS2 CTG CCA AGG TGC TTC TC TTA GCC GTC TGC CCT C 
 655 

  656 
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Table S3. Antibodies used for Western blotting. 657 
      Dilutions 
Target 
Protein Cat# Manufacturer Clonality RRID Host 

species 
Primary 

Antibody 
Secondary 
Antibody 

Akt 9272, Lot# 
15 

Cell Signaling 
Technology (Dan-
vers, MA, USA) 

Polyclonal AB_329827 Rabbit 1:2000 1:5000 

Phospho-
Akt 

4060, Lot# 
19 

Cell Signaling 
Technology Monoclonal (D9E) AB_2315049 Rabbit 1:2000 1:5000 

AR sc-7305, Lot# 
H3116 

Santa Cruz Tech-
nology (Dallas, 

TX, USA) 
Monoclonal (441) AB_626671 Mouse 1:2000 1:5000 

DHRS7 SAB1400567, 
Lot# J5091 Sigma-Aldrich Polyclonal AB_1847656 Mouse 1:2000 1:5000 

EGFR sc-373746, 
Lot# C2919 

Santa Cruz Tech-
nology Monoclonal (A-10) AB_10920395 Mouse 1:1000 1:5000 

Phospho-
EGFR 

sc-81488, 
Lot# C2019 

Santa Cruz Tech-
nology 

Monoclonal 
(15A2) AB_1125777 Mouse 1:1000 1:5000 

Erk 4695, Lot# 
28 

Cell Signaling 
Technology 

Monoclonal 
(137F5) AB_390779 Rabbit 1:2000 1:5000 

Phospho-
Erk 

4370S, Lot# 
28 

Cell Signaling 
Technology 

Monoclonal 
(D13.14.4E) AB_2315112 Rabbit 1:1000 1:5000 

FKBP5 sc-271547, 
Lot# C1918 

Santa Cruz Tech-
nology Monoclonal (D-4) AB_10649040 Mouse 1:2000 1:2000 

KLK3 sc-65602. 
Lot# A0913 

Santa Cruz Tech-
nology 

Monoclonal 
(SPM352) AB_2134512 Mouse 1:75 1:5000 

STAT3 sc-8019, Lot# 
A1719 

Santa Cruz Tech-
nology Monoclonal (F-2) AB_628293 Mouse 1:2000 1:5000 

Phospho-
STAT3 

sc-8059, Lot# 
L1619 

Santa Cruz Tech-
nology Monoclonal (B-7) AB_628292 Mouse 1:2000 1:5000 

TMPRSS2 sc-515727, 
Lot# H0916 

Santa Cruz Tech-
nology Monoclonal (H-4) AB_2892118 Mouse 1:1000 1:5000 

γ-Tubulin T5192, Lot# 
059M4807V Sigma-Aldrich Polyclonal 261690 Rabbit 1:2000 1:5000 

Mouse 
IgG 

A0168, Lot# 
079M4881V Sigma-Aldrich Polyclonal AB_257867 Goat - - 

Rabbit 
IgG 

7074S, Lot# 
22 

Cell Signaling 
Technology Polyclonal AB_2099233 Goat - - 
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Figure S1. Heat maps of the proteomics data after knockdown of DHRS7 in 
LNCaP cells. Representation of protein changes following DHRS7 knockdown for 
(a) 24 h; (b) 36 h; and (c) 48 h. Expression levels were normalized using Z-score 
followed by hierarchical clustering with the Perseus software. Each time point was 
measured in three technical replicates. C = control; KD = knockdown of DHRS7. 
Yellow: proteins that were upregulated; blue: proteins that were downregulated. 
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Figure S2. Proteins with the KEGG annotation “Prostate cancer”. Knockdown of DHRS7 in LNCaP cells was performed for (a) 24 h; 
(b) 36 h; and (c) 48 h. Expression levels are displayed as log2 fold-change (Knockdown compared to control). Data points indicate 
technical triplicates wih their mean ± SD (n = 1). 

Figure S3. Expression of Erk and Akt in LNCaP, PC-3 and DU145 cells. (a) Densitometry analysis of protein 
expression levels normalized to the levels in LNCaP cells and to the γ-Tubulin loading contol. (b) Western 
blot of three individual samples per cell line with γ-Tubulin as loading control. Error bars indicate mean ± 
SD of three independent samples (n = 3). Statistical significance was calculated using one-way ANOVA 
test with Bonferroni multiple comparison post-test. ** p < 0.01 
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5.2 Discussion & Outlook 
 

Similarly to orphan receptors without known ligand, DHRS7 can be considered an 

orphan enzyme without assigned physiological substrate. The lower expression of 

DHRS7 in higher grade PCa biopsies as shown bei Seibert et al. however proclaimed 

a potentially protective role in PCa [63]. In addition, siRNA-mediated knock-down of 

DHRS7 led to an increased proliferation and migration and decreased adhesion of the 

androgen dependent LNCaP cells. This further hinted towards a functional role in PCa 

and that the lost expression in PCa is not merely a secondary effect. Considering the 

dependency of PCa on androgens and the continuous role of the AR even in CRPC 

[143, 145, 146], the observations of Seibert et al. suggested the role of DHRS7 is to 

metabolize 5α-DHT. In theory, the loss of DHRS7 would lead to higher intratumoral 

concentrations of 5α-DHT and thus higher AR activation. The potential for DHRS7 to 

accept 5α-DHT as substrate was supported by the fact that it is part of the SDR 

superfamily of which several members are known to metabolize steroid hormones and 

that DHRS7 was shown to use steroid hormones as substrates previously [23, 28, 64, 

67]. The work of Araya et al. followed up on this hypothesis and showed that DHRS7 

is indeed capable of metabolizing 5α-DHT to 3α-Adiol and by doing so, decreasing AR 

activation in HEK-293 cells transfected with DHRS7 [27]. These studies appear to 

complement each other and suggest that the role of DHRS7 in the prostate is to 

prevent excessive AR activation. 

It was the next logical step to test this hypothesis in an endogenous system. For this 

purpose, an siRNA-mediated knock-down of DHRS7 was performed and followed by 

a treatment with 5α-DHT. Theoretically, this should lead to higher concentrations of 

5α-DHT and higher AR dependent gene expression. However, this was not the case 

even though a concentration dependent increase of AR regulated gene expression 

was overall detected. The only exception was an increased expression of FK506 

binding protein 5 (FKBP5) in cells after DHRS7 knock-down treated with 1 nM of 5α-

DHT. This isolated case could indicate a serendipitous finding. A link between FKBP5 

and stress as well as an interaction of FKBP5 with other pathways, including that of 

the GR, have been described [196]. Overall, FKBP5 is not particularly specific to AR 

signaling and neither is its expression exclusively regulated by the AR [196]. It might 

be possible that the increased FKBP5 expression in our singular case is because of 

74



 

the combined effects of knock-down of DHRS7 (and its secondary effects), treatment 

with 5α-DHT, and treatment-induced cellular stress. 

It so appears that although DHRS7 is able to metabolize 5α-DHT, it is not the 

physiological function. To identify what processes contribute to the aggressive 

phenotype of LNCaP cells after knock-down of DHRS7, the proteome was analyzed 

following 24 h, 36 h, and 48 h after knock-down. Unchanged expression of the AR and 

a lack of increase proteins that are upregulated by the AR – kallikrein related peptidase 

3 (KLK3; PSA), transmembrane serine protease 2 (TMPRSS2), and FKBP5 – further 

support the note that DHRS7 is not involved in AR signaling. KLK3 and TMPRSS2 

even showed a trend to be less expressed after knock-down. 

At this point the proteomics experiment must be discussed critically. First and 

foremost, it was performed once only, preventing the application of valuable statistical 

analyses. Consequently, a volcano plot allowing easy visualization of the expression 

changes and to lay unbiased focus on proteins with the largest and statistically 

significant fold-changes was not feasible [197]. For large data analysis it is common to 

perform pathway enrichment analysis, e.g. according to KEGG pathways or gene 

ontology terms [198, 199]. This approach was tested but it was decided that it is not 

appropriate in our case. Many tools exist with their own strengths and limitations but 

my own experiences are mostly limited to DAVID bioinformatics because it is freely 

available online and was recommended to me by a former colleague [200]. 

Consequently, the discussed considerations below primarily relate to my experiences 

with this tool and do not necessarily reflect pathway enrichment analysis in general. 

One reason why we decided conventional pathway enrichment was not appropriate 

in our case is that the changes in our proteomics dataset are mostly small. Only 1.2% 

of the proteins (79 of 6’675) showed a log2-fold change greater than +1 or -1. For 

comparison, a study comparing glioma with control samples identified 12’687 proteins 

of which 45% showed a two-fold different expression level [201]. Reasons for the 

overall small changes in our case could be that all samples originated from the same 

cell line. In other words, the analyzed cell populations were still rather homogenous 

compared to a case of healthy versus disease tissue. Another potential explanation is 

that an siRNA-mediated knock-down is hardly ever 100% effective. In our experiments, 

knock-down was performed for up to 48 h. Previous experiments showed mRNA levels 

of DHRS7 are increasing again after 72 h [63]. Apparently the knock-down reaches its 

peak at 48 h with about 25% of DHRS7 protein still remaining. To include more proteins 
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for a pathway enrichment analysis, one could simply lower the threshold of fold-

change, but this could incorporate too many proteins whose change may be 

neglectable biologically. Furthermore, the direction of change (up- or downregulation) 

will not be considered. Two proteins with similar functions will likely contribute to the 

enrichment of the same pathway (e.g. apoptosis), but through a change in opposite 

direction, the effect may be cancelled out biologically. The same applies for proteins 

that are changed in the same direction but with opposite functions (e.g. pro- and 

antiapoptotic). The setup of our proteomics experiment itself complicated analysis as 

well by the three different time points. This can provide additional interesting insight, 

but raises the question which changes at what time point are of greater importance – 

the early changes, potentially sensitive to the knock-down, or the late changes, when 

the knock-down is most effective? It also raises the question how to deal with findings 

that show irregular changes (e.g. a downregulation at early time points, but an 

upregulation at late time points). Pathway enrichment analysis does not take into 

account phosphorylation or similar regulatory mechanisms. This is a limitation of our 

proteomics in general because our results are based on expression changes yet many 

processes are controlled primarily by phosphorylation status [202]. Our experiment 

was not set up to detect such posttranslational modifications. Therefore it is possible 

to miss out on potentially interesting proteins simply because they were not changed 

on an expressional level. In light of these considerations, we opted to perform a simple 

KEGG pathway annotation and to filter for proteins annotated with the term “Prostate 

cancer” and those that could be detected in all three time points and to select an 

interesting candidate [198]. This is somewhat biased towards proteins that are already 

known to be involved in PCa and prevents more novel findings. One may argue though 

that PCa is the setting we are interested in and that incorporating one protein without 

known physiological role (DHRS7) is already challenging enough. 

Although the changes of protein expression were moderate, some particular ones 

stood out. The cell cycle associated cyclin dependent kinase 2 (CDK2) was decreased, 

but so was its inhibitor cyclin dependent kinase inhibitor 1A [203]. The cAMP-

responsive element binding protein 3 like 4 showed some of the strongest 

downregulation (log2-fold change of -1.5 after 36 h), which was associated with a 

decrease of androgen stimulated proliferation and decreased AR activity [204]. β-

Catenin (CTNNB1) is known for its role in the Wnt signaling pathway whose excessive 

activation is related to diseases including cancer. However, under unstimulated 
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conditions, CTNNB1 is continuously targeted for degradation [205]. A decrease of 

CTNNB1 in our experiment suggests a downregulation of this pathway. Heat shock 

protein 90 (HSP90) is required for full AR activation by androgens and exposure of 

prostate stromal cells to extracellular HSP90α induces migration, phosphorylation of 

the extracellular signal-regulated kinase (Erk), and secretion of cytokines [206, 207], 

yet the inducible HSP90AA1, which is often deleted in PCa [208], was decreased in 

our dataset. Mitogen-activated protein kinase (MAPK)/Erk signaling is involved in many 

cellular processes including proliferation, survival, and motility [209], but again Erk2 

encoded by MAPK1 is decreased in our proteomics data set, although our Western 

blot did not confirm this. The phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 

subunit β (PIK3CB), increased in our dataset, is one of the class I catalytic subunits of 

the phosphatidylinositol 3-kinase (PI3K) protein complex that is often altered in 

different cancers [210]. In PC-3 cells, knock-down of PIK3CB reduced colony formation 

and downstream signaling as measured by AKT serine/threonine kinase (Akt) 

phosphorylation and decreased tumor volume in vivo [211]. RB1 is one the more 

strongly downregulated proteins in our proteomics and a mouse model of RB1 and 

tumor protein p53 loss induced neuroendocrine differentiation and resistance to anti-

androgen therapy [139, 140]. Even though some proteins presented themselves as 

candidates for us to follow on based on their comparatively larger expression changes 

and nature, the direction of their differential expression limited our excitement. For 

example CDK2, CTNNB1 and MAPK1 are associated with proliferation and cancer, yet 

they were decreased in our data. More in line would have been PIK3CB and RB1 that 

are also known for their contribution to malignancy and their differential expression 

suited an increased aggression of LNCaP cells. But ultimately we decided to focus our 

efforts on the EGFR for several reasons: It was upregulated at all time points with an 

increasing difference compared to the control cells and an increase of one of its 

downstream targets, signal transducer and activator of transcription (STAT) 3, was 

identified as well after DHRS7 knock-down [212-214]. The EGFR receives extracellular 

signals and propagates them through various downstream pathways that culminate in 

different effects, such as proliferation [215-217]. 

For these reasons and because overexpression and mutations of EGFR have been 

desrcibed in different cancers, including lung [218, 219], brain [220], and colorectal 

cancer [221], antibodies and small molecule kinase inhibitors targeting the EGFR have 

been developed and are routinely used in cancer therapy [222]. The EGFR was shown 
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to be increased in PCa in several studies and in one it was also significantly associated 

with younger patient age [172, 173, 223-225]. Therefore, increased expression of 

EGFR in PCa could be an interesting drug target as well. 

Several phase II clinical trials have addressed this but results were moderate. 

Studies with lapatinib, gefitinib, and erlotinib had comparable results in that some 

patients responded by a decrease of PSA, but stable disease was more common or 

even no response at all [226-231]. EGFR expression was not assessed in all studies 

and when it was, correlation with response was not investigated due to lack of 

response and low numbers of patients. A combinational treatment of docetaxel with 

cetuximab in metastatic CRPC with 35 patients showed a confirmed response of ≥ 50% 

PSA decline in 7 patients and ≥ 30% in 11 patients [232]. Importantly, expression of 

EGFR and phosphatase and tensin homolog (PTEN) correlated with progression free 

survival, suggesting that targeting EGFR in PCa may be beneficial for certain patient 

populations. 

Increased expression of EGFR and STAT3 in our proteomics was confirmed 

independently by Western blot and RT-qPCR. An increase of EGFR after DHRS7 

knock-down in the AR negative PC-3 and DU145 cells is another indicator that loss of 

DHRS7 and the resulting cell phenotype described by Seibert et al. is not linked to the 

AR [63]. In the same study, knock-down of DHRS7 in PC-3 cells led to increased 

migration and decreased adhesion, but no increase of proliferation. 

Our in vitro findings regarding DHRS7 and EGFR expression were translated into a 

clinical aspect by analyzing The Cancer Genome Atlas (TCGA) data and by tissue 

microarray (TMA) staining. Both showed an inverse correlation between DHRS7 and 

EGFR. For the TCGA data, the correlation improved after stratifying according to AR 

signaling. This may imply that loss of AR signaling can be compensated by the EGFR. 

Similar to this, a previous study showed an inverse correlation between AR and EGFR 

expression [225]. In the TMA however, stratification did not improve the correlation, 

potentially because of limited sample numbers. In the case of both DHRS7 and EGFR, 

the decrease and increase, respectively, correlated with Gleason score. The loss of 

DHRS7 according to Gleason score thus confirms the previous finding of Seibert et al. 

and the increase of EGFR in PCa other studies [63, 172, 173, 223, 224]. Additional 

impact of DHRS7 and EGFR in clinical cases of PCa is provided by the observed 

survival rates. Higher DHRS7 expression was associated with better survival rates, 

whereas higher EGFR expression was associated with worse survival rates. 
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The mechanism by which loss of DHRS7 induces EGFR expression is unknown. 

The increased EGFR mRNA indicates an increased expression on a transcriptional 

level rather than decreased degradation. The mineralocorticoid receptor (MR) can be 

activated by cortisol and aldosterone [233]. Treatment with the latter induced EGFR 

expression in kidney cortex homogenates of adrenalectomized rats and primary 

human renal cortical cells and transfection of CHO cells with MR induced EGFR 

expression, which could be prevented by the MR inhibitor spironolactone [234]. In a 

similar fashion, transfection of the MR into HEK-293 cells led to increased activation of 

an ectopically expressed EGFR promoter construct [235]. Interestingly, retrospective 

cohort studies showed a reduced PCa risk in males exposed to spironolactone 

treatment [236, 237]. DHRS7 was shown to metabolize cortisone to 20β-

dihydrocortisone and as such it might be interesting to see whether DHRS7 is able to 

limit ligand exposure of the MR [27]. Whether this is the case and whether this may 

play a role in disease remains to be investigated. Identification of other transcription 

factors that regulate EGFR expression could further help to link the loss of DHRS7 with 

increased EGFR expression. 

In addition to gene expression changes, treatment with EGF after knock-down of 

DHRS7 also led to higher detectable levels of phosphorylated EGFR, possibly a direct 

consequence of the increased levels of total EGFR. One may argue that increased 

numbers of EGFR proteins expressed on the cell surface sensitize a cell to EGF 

molecules in the surrounding. One of the early studies on the EGFR suggested that 

EGFR phosphorylation is dependent on the receptor concentration [238]. This can be 

compared to PCa cells with AR overexpression that is considered to mediate increased 

sensitivity to low androgen concentrations after castration [157]. This is supported by 

a study in which cells expressing higher amounts of EGFR required higher 

concentrations of EGFR-targeting antibody to inhibit EGFR phosphorylation. But 

interestingly, cells with higher EGFR expression were more susceptible to antibody 

induced cytolysis by monocytes or other immunologic effectors [239]. 

Downstream of EGFR, we investigated the phosphorylation status of STAT3, Erk 

and Akt. In summary it appeared that the signal was propagated in a cell line specific 

manner. Although not statistically significant, LNCaP seemed to favor STAT3. This is 

not surprising since STAT3 showed higher expression levels after DHRS7 knock-

down. The STAT family has been implicated in different malignancies [240]. In PCa, 

STAT3 is mostly considered oncogenic, e.g. by increased expression or 
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phosphorylation in PCa samples or increased apoptosis of PCa cells after knock-down 

of STAT3 [241, 242], but conflicting results exist. A mouse model of PTEN loss 

increased STAT3 expression and phosphorylation (according to an oncogenic nature) 

but loss of STAT3 in the same PTEN-loss mice led to even greater tumor growth than 

PTEN loss alone [243]. The precise effects of increased STAT3 in the setting of 

decreased DHRS7 expression thus need to be elucidated. 

Although we detected a strong increase of Erk phosphorylation upon EGF treatment 

in control cells it did not appear to be increasingly phosphorylated after DHRS7 knock-

down. Interestingly, in the PC-3 cells phosphorylation of Erk barely increased after 

DHRS7 knock-down while in control cells it increased substantially. One may speculate 

about the reasons but only studies directed towards this surprising observation will be 

able to elucidate it. In order to strengthen the link between loss of DHRS7 and 

increased EGFR and downstream signaling, one may also test EGFR inhibitors to see 

whether their efficacy decreases after knock-down of DHRS7. Assays that measure 

proliferation or similar parameters can further supplement this. 

PTEN is one of the most commonly lost or altered genes in PCa [244]. Its activity of 

converting phosphatidylinositol 3,4,5-triphosphate (PIP3) to phosphatidylinositol 4,5-

biphosphate stands in direct opposition of the activity of class I PI3K [245]. PIP3 allows 

the 3-phosphoinositide dependent protein kinase 1 (commonly known as PDK1) to 

phosphorylate Akt, leading to downstream effects. Our experiments led to statistically 

significant increase of Akt phosphorylation in LNCaP cells and a strong trend in DU145 

cells. This suggests that the increase of EGFR along with a higher activation induced 

by EGF can lead to increased signaling via the PI3K/Akt pathway. All three cell lines 

showed baseline phosphorylation of Akt even when untreated with EGF but the 

increase of phosphorylation in DU145 was the strongest which is in line with its highest 

EGFR expression. Increased PI3K/Akt signaling (including loss of PTEN) has been 

associated with resistance to ERBB2 targeting trastuzumab in breast cancer and 

response to EGFR targeting cetuximab in colorectal cancer and PC-3 cells [246-248]. 

The PI3K/Akt pathway was discussed as a potential drug target in PCa but success 

would depend on PTEN status and as such, PTEN was proposed as a potential 

prognostic marker in PCa [245]. 

Careful patient stratification according to the expression and/or mutation status of 

EGFR, PTEN, AR, and more could be essential to successful therapy. DHRS7 could 

be part of such a potential protein signature. A study investigating differential gene 
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expression of the various cell types in healthy prostate found high expression of 

DHRS7 and to be specific to luminal epithelial cells [81]. For diagnostic and cancer 

staging purposes, prostate biopsy is performed regularly [110]. Standard biopsies 

could be coupled to routine staining procedures for key proteins to stratify patients 

according to risk, set them up for adequate treatment, and thus move PCa care 

towards precision medicine. 

More convenient than biopsies are blood tests. In case DHRS7 truly plays a role in 

PCa progression, once its substrate has been defined, surveillance of the substrate, 

the product, or the product to substrate ratio might be used as a biomarker (assuming 

it can be detected and quantified robustly in blood samples). 

So the question rises – what is the substrate of DHRS7? And further: how can we 

identify it? One approach would be to use an in silico screening. A homology model 

based on HSD11B1 was generated before and virtual screening predicted 5α-DHT as 

a substrate, supporting the finding of Araya et al. [27, 69]. Our group has taken early 

steps towards an in silico approach as well (unpublished data), but at that point it was 

not convincing enough to follow up on it and so the focus was laid somewhere else. 

The study by Zemanová et al. was published in 2017 and advancements in computer 

technologies are frequent. Revisiting an in silico approach while incorporating the 

knowledge up to date may lead to new interesting hypotheses. 

Another method would be the use of metabolomics. Both the experiments carried 

out by Seibert et al. that led to the observation of more aggressive growth of LNCaP 

cells and our proteomics experiment after knock-down of DHRS7 were performed in 

normal cell culture conditions that included FBS [63]. One can assume that the 

substrate of DHRS7 can be found in said culture medium. Thus, changes induced by 

knock-down of DHRS7 should in theory be detectable within the medium with a 

sufficiently sensitive analytical method. Metabolomics has been applied to various 

cancer cell lines already, including PCa cell lines, and changes to choline and amino 

acid metabolism and others have been observed [249-251]. One group suggested to 

identify the role of a protein with unknown function as following: inducing the loss of 

the protein’s activity (e.g. by gene deletion), doing this likewise for a protein whose 

activity is known, and compare the altered metabolome of the two cell populations. 

They claim that the loss of proteins with similar functions will lead to similar metabolic 

signatures, which can give a hint towards the unknown metabolic function of the protein 

of interest [252]. Although interesting, applicability in the case of DHRS7 is 
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questionable. Proteins to compare it to would be other members of the SDR 

superfamily, however, they only show 10-30% sequence identity and a large variety of 

different substrates [23, 24, 28]. Untargeted metabolomics might be too challenging 

and focusing on one particular group of metabolites could be a viable option, for 

example by performing lipidomics with a focus on prostaglandins, retinoids, or steroids. 

Prostaglandins and other eicosanoids are lipophilic compounds involved in 

inflammation and cancer [253]. PGE2 treatment was able to induce phosphorylation of 

EGFR and Erk in normal gastric epithelial and colon cancer cells that could be 

prevented by the use of EGFR kinase inhibitors [254]. Prostaglandins are generated 

from arachidonic acid and one of its derivates, 2-arachidonoylglycerol, is an agonist of 

the cannabinoid receptor type 2 (CB2) [253, 255]. Affinity purification coupled to MS in 

HEK-293 cells stably expressing CB2 detected DHRS7 as an interacting partner with 

CB2. Additionally, DHRS7 was only detected in these CB2-expressing cells [256]. This 

may indicate a role of DHRS7 in lipid metabolism instead of steroid metabolism. It 

would be interesting to investigate whether expression of CB2 and/or treatment with 

its agonists in PCa or other cell lines could induce an increased expression of DHRS7. 

It may also be worth to investigate whether DHRS7 is capable of metabolizing CB2 

related compounds. This becomes further interesting considering that in spermatozoa 

2-arachidonoylglycerol is hydrolyzed in a progesterone dependent fashion by 

abhydrolase domain containing 2 (ABHD2) [257] – a protein with a log2-fold change of 

> +1 at all time points in our proteomics data, leading us further towards lipid 

metabolism. In fact, earlier experiments attempted to investigate ABHD2, unfortunately 

though, we were unable to confirm an increase of ABHD2 by RT-qPCR or Western 

blot. It might be worth though to readdress this protein in light of reported ABHD2 

inhibitors [258]. 

Speaking of inhibitors, looking from a toxicological point of view, if DHRS7 is truly 

protective in PCa, its inhibition should be avoided. Exposure to xenobiotics that can 

inhibit DHRS7 over prolonged time could lead to increased PCa risk. It has already 

been shown that xenobiotics can be accepted by DHRS7 as substrates, including NNK 

[64, 67, 68], one of the strongest carcinogens derived from tobacco smoke [259]. 

Although no publication could be found that discusses NNK in the context of PCa, 

tobacco smoking is considered a risk factor for PCa and interestingly, DHRS7 was 

found to be less expressed in lung cancer tissue of current and former smokers 

compared to lung cancer tissue of patients who never smoked [260, 261]. Therapeutic 
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drugs should not inhibit DHRS7 either, particularly those intended for PCa treatment 

as this may reduce their therapeutic effect. However, highest expression of DHRS7 

can be found in healthy prostate and low grade PCa for which primary care are 

prostatectomy and radiotherapy [75]. Drugs for PCa treatment are generally used for 

progressed disease, when DHRS7 expression tends to be decreased already. 

In conclusion, our study on DHRS7 further strengthens the hypothesis that it plays 

a protective role in PCa but it is apparently not linked to AR signaling. Instead, it seems 

that there is a relationship between loss of DHRS7 and an increase of EGFR. This is 

not only based on in vitro findings alone but is supported by patient derived samples. 

This study provides an interesting starting point from where to continue investigating 

the relationship between these two proteins and motivates to identify the substrate of 

the orphan enzyme DHRS7.  

83



 

6 OTHER CONTRIBUTIONS 
 

6.1 Summary 
 

Other contributions have been achieved by participating in several side projects. First, 

a new potential biomarker for the activity of HSD11B1 in mice was identified by 

measuring the ratio of certain bile acids [262]. Second, the LC-MS method employed 

for the identification of said bile acids was further improved and validated [263]. Third, 

this optimized LC-MS method was used to measure the bile acid profile in a mouse 

model of alveolar echinococcosis (AE) [264]. Lastly, the same mouse model was used 

to assess expression changes of proteins related to endoplasmic reticulum stress 

(ERS) [265]. 

The main role of HSD11B1 is the conversion of inactive cortisone to cortisol. 

Together with its counterpart HSD11B2 that performs the opposite reaction they 

participate in the regulation of the activity of the GR and MR [266]. Because imbalances 

of glucocorticoids have been linked to various adverse health effects, the use of 

inhibitors targeting HSD11B1 has received attention [267]. Besides cortisone, other 

substrates for HSD11B1 exist, including the bile acid 7-oxolithocholic acid [268]. In our 

study, using four different mouse models for decreased HSD11B1 activity, we showed 

that the ratio of ursodeoxycholyltaurine to 7-oxolithocholyltaurine performs better as a 

biomarker for HSD11B1 activity in murine plasma samples than individual compounds 

[262]. Importantly, humans are able to convert 7-oxolithocholic acid to ursodeoxycholic 

acid as well, but glycine conjugates dominate over taurine conjugates [269, 270]. In 

theory, this biomarker can be applied not only to mice, but to humans as well – a 

hypothesis that is currently under investigation. 

The above study by Weingartner et al. used an LC-MS method based on a 

previously published one but with slight modifications [271]. However, there was room 

for further optimization. This led to a publication with a focus on the development and 

validation of a LC-MS method to detect bile acids and bile acid conjugates in both 

human and murine serum, plasma, and liver tissue [263]. Of particular note are the 

additional analytes allo bile acids, which are 5α- instead of 5β-reduced [272]. 

The developed method was used to assess the bile acid composition in serum and 

liver samples of a mouse model of AE [264]. This disease is caused by ingesting the 
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eggs of Echinococcus multilocularis, commonly known as the fox tape worm. The 

primary organ affected is the liver, in which tumor-like growths occur with a risk of 

spreading to other organs, including the brain [273-275]. The only curative treatment 

is surgical removal of the infected tissue and while adjuvant pharmacological therapy, 

e.g. albendazole (ABZ), is available, it is parasitostatic only [273, 274]. Mice infected 

with E. multilocularis showed a different bile acid profile in both serum and liver. 

Particularly in serum, there was an increase in the ratio of total taurine-conjugated to 

total unconjugated bile acids. Treatment with ABZ returned the bile acid profiles back 

to normal, without affecting bile acid composition in mock infected mice [264]. Enzymes 

involved in bile acid synthesis, Cyp7a1 and Akr1d1, as well as bile acid transporters 

ATP-binding cassette sub-family B member 11 and solute carrier family 10 member 1 

(also known as BSEP and NTCP, respectively), tended to be decreased in mice 

infected with E. multilocularis. An effect that was also reversed by ABZ treatment [264]. 

In the same mouse model we investigated alterations of ERS related proteins [265]. 

Other pathogens, mainly viruses, bacteria, and protozoan parasites, have shown to 

affect ERS and unfolded protein response (UPR) [276-278]. Both ABZ and a 

programmed death-ligand 1 (PD-L1) targeting antibody (αPD-L1) were shown 

previously to reduce parasite weight in E. multilocularis infected mice and αPD-L1 

treatment also to reduce inflammatory cytokines in the liver [279]. We thus investigated 

whether ABZ can decrease inflammatory markers as well and whether ABZ and αPD-

L1 treatment has an effect on ERS and UPR associated proteins in AE. Our results 

showed an increase of the UPR master regulator glucose-binding protein 78 and an 

increase of the activating transcription factor 6 branch of UPR, whereas the protein 

kinase R like ER kinase and inositol-requiring enzyme 1 (IRE1) branches were 

decreased [265]. These changes were reversed by the treatment with ABZ and αPD-

L1 but did not affect expression levels of UPR associated proteins in mock infected 

mice. Furthermore, ABZ was able to decrease inflammatory cytokines in the liver. We 

also identified an increase of two microRNAs in infected mice that were decreased 

again upon treatment with ABZ. One of them, microRNA-1839-5p, has a target site in 

the mRNA of IRE1α and could therefore explain the decreased expression level of 

IRE1α. 
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6.2 The ratio of ursodeoxycholyltaurine to 7-
oxolithocholyltaurine serves as a biomarker of decreased 
11β-hydroxysteroid dehydrogenase 1 activity in mouse 
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Background and Purpose: 11β-Hydroxysteroid dehydrogenase 1 (11β-HSD1) regu-

lates tissue-specific glucocorticoid metabolism and its impaired expression and activ-

ity are associated with major diseases. Pharmacological inhibition of 11β-HSD1 is

considered a promising therapeutic strategy. This study investigated whether alterna-

tive 7-oxo bile acid substrates of 11β-HSD1 or the ratios to their 7-hydroxy products

can serve as biomarkers for decreased enzymatic activity.

Experimental Approach: Bile acid profiles were measured by ultra-HPLC tandem-MS

in plasma and liver tissue samples of four different mouse models with decreased

11β-HSD1 activity: global (11KO) and liver-specific 11β-HSD1 knockout mice

(11LKO), mice lacking hexose-6-phosphate dehydrogenase (H6pdKO) that provides

cofactor NADPH for 11β-HSD1 and mice treated with the pharmacological inhibitor

carbenoxolone. Additionally, 11β-HSD1 expression and activity were assessed in

H6pdKO- and carbenoxolone-treated mice.

Key Results: The enzyme product to substrate ratios were more reliable markers of

11β-HSD1 activity than absolute levels due to large inter-individual variations in bile

acid concentrations. The ratio of the 7β-hydroxylated ursodeoxycholyltaurine

(UDC-Tau) to 7-oxolithocholyltaurine (7oxoLC-Tau) was diminished in plasma and

liver tissue of all four mouse models and decreased in H6pdKO- and carbenoxolone-

treated mice with moderately reduced 11β-HSD1 activity. The persistence of

11β-HSD1 oxoreduction activity in the face of H6PD loss indicates the existence of

an alternative NADPH source in the endoplasmic reticulum.

Abbreviations: 11β-HSD, 11β-hydroxysteroid dehydrogenase; 11KO, global 11β-HSD1 knockout; 11LKO, liver-specific 11β-HSD1 knockout; 7oxoDCA, 7-oxodeoxycholic acid; 7oxoLCA,

7-oxolithocholic acid; 7oxoLC-Tau, 7-oxolithocholyltaurine; CA, cholic acid; CDCA, chenodeoxycholic acid; CDC-Gly, chenodeoxycholylglycine; CDC-Tau, chenodeoxycholyltaurine; CHAPS,

3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; C-Gly, cholylglycine; C-Tau, cholyltaurine; CTRL, control; DCA, deoxycholic acid; DC-Tau, deoxycholyltaurine; ER, endoplasmic

reticulum; H6PD, hexose-6-phosphate dehydrogenase; H6pdKO, global H6pd knockout; HDCA, hyodeoxycholic acid; LCA, lithocholic acid; LC-Tau, lithocholyltaurine; LLOD, lower limit of

detection; MCA, muricholic acid; MOPS, 3-(N-morpholino)propanesulfonic acid; MC-Tau, muricholyltaurine; UDCA, ursodeoxycholic acid; UDC-Gly, ursodeoxycholylglycine; UDC-Tau,

ursodeoxycholyltaurine; UHPLC–MS/MS, ultra-HPLC tandem-MS.
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Conclusions and Implications: The plasma UDC-Tau/7oxo-LC-Tau ratio detects

decreased 11β-HSD1 oxoreduction activity in different mouse models. This ratio

may be a useful biomarker of decreased 11β-HSD1 activity in pathophysiological sit-

uations or upon pharmacological inhibition.

LINKED ARTICLES: This article is part of a themed issue on Oxysterols, Lifelong

Health and Therapeutics. To view the other articles in this section visit http://

onlinelibrary.wiley.com/doi/10.1111/bph.v178.16/issuetoc

K E YWORD S

11β-hydroxysteroid dehydrogenase, bile acid, biomarker, disease, glucocorticoid, inhibitor

1 | INTRODUCTION

A dysregulation of glucocorticoid production or a hyposensitivity or

hypersensitivity to these hormones has been associated with major

diseases such as osteoporosis, cognitive and mood disturbances,

cardio-metabolic disorders, cancer and immune diseases (Quax

et al., 2013). Besides a tightly regulated synthesis, the tissue-specific

metabolism has a key role in mediating glucocorticoid-regulated func-

tions. 11β-Hydroxysteroid dehydrogenase type 1 (11β-HSD1) and

type 2 (11β-HSD2) catalyse the conversion of inactive

11-oxoglucocorticoids (cortisone, 11-dehydrocorticosterone) to

potent 11β-hydroxyglucocorticoids (cortisol, corticosterone) and the

reverse reaction, respectively, and both enzymes are cell specifically

expressed (Odermatt & Kratschmar, 2012). 11β-HSD1, although

catalysing both oxidation and oxoreduction in vitro, predominantly

acts as an oxoreductase in vivo due to co-expression with hexose-

6-phosphate dehydrogenase (H6PD) that provides NADPH co-

substrate in the endoplasmic reticulum (ER) (Atanasov et al., 2004;

Banhegyi et al., 2004; Lavery et al., 2006) (Figure 1). 11β-HSD1 is

essential for the therapeutic effects of pharmacologically administered

cortisone and prednisone (Hult et al., 1998).

Rodent studies and clinical investigations demonstrated an associ-

ation between excessive 11β-HSD1 activity and adverse health

effects including insulin resistance and type II diabetes mellitus, osteo-

porosis, impaired wound healing, skin aging, cognitive impairment and

glaucoma (Gathercole et al., 2013; Terao & Katayama, 2016; Wyrwoll

et al., 2011). Therefore, 11β-HSD1 attracted high attention for poten-

tial therapeutic applications and a variety of small molecule inhibitors

have been developed in order to assess their effects in preclinical and

clinical studies (Feig et al., 2011; Freude et al., 2016; Hardy

et al., 2020; Markey et al., 2017; Rosenstock et al., 2010; Schwab

et al., 2017; Scott et al., 2014; Tiganescu et al., 2018; Webster

et al., 2017; Ye et al., 2017).

Biomarkers of in vivo 11β-HSD1 activity can facilitate preclinical

and clinical investigations into states of 11β-HSD1 deficiency and the

efficacy of pharmacological inhibitors. Currently, decreased ratios of

urinary (tetrahydrocorticosterone + allo-tetrahydrocorticosterone)/

tetrahydro-11-dehydrocorticosterone and (tetrahydrocortisol + allo-

tetrahydrocortisol)/tetrahydrocortisone are used as biomarkers for

decreased 11β-HSD1 activity in rodents and human, respectively

(Abrahams et al., 2012; Courtney et al., 2008; Freude et al., 2016;

Jamieson et al., 1999; Lavery et al., 2013; Webster et al., 2017). How-

ever, these ratios require analysis of urine samples (usually 24-h sam-

pling) and small sample volumes remain a challenge when analysing

mouse urine. Moreover, the tetrahydro-glucocorticoid ratios are

strongly influenced by 11β-HSD2 activity, as are plasma or serum cor-

tisol/cortisone and corticosterone/11-dehydrocorticosterone ratios

(Quinkler & Stewart, 2003; Ulick et al., 1979, 1990). These glucocorti-

coid metabolite ratios are therefore not useful to monitor disease

states with altered 11β-HSD1 activity or to assess 11β-HSD1 inhibi-

tors in preclinical and clinical studies.

Besides cortisone and 11-dehydrocorticosterone, 11β-HSD1 can

catalyse the carbonyl reduction of a broad range of substrates,

What is already known

• 11β-HSD1 catalyses the oxoreduction of 11-oxo-

glucocorticoids and 7-oxo bile acids.

• Pharmacological inhibition of 11β-HSD1 is considered a

promising strategy to treat glucocorticoid-dependent

diseases.

What this study adds

• Ratio UDC-Tau/7oxoLC-Tau detects decreased 11β-

HSD1 activity in genetically modified mouse models and

upon pharmacological inhibition.

• These ratios are better markers of decreased 11β-HSD1

activity than concentrations of individual bile acids.

What is the clinical significance

• UDC-Tau/7oxoLC-Tau ratio provides a biomarker of the

efficacy of pharmacological 11β-HSD1 inhibition in pre-

clinical models.

3310 WEINGARTNER ET AL.

88

http://onlinelibrary.wiley.com/doi/10.1111/bph.v178.16/issuetoc
http://onlinelibrary.wiley.com/doi/10.1111/bph.v178.16/issuetoc
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2763
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2763
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2763
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=3143
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=3143
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7096


including 11-oxygenated glucocorticoids, progestins and androgens,

7-oxygenated androgens, oxysterols and bile acids and several xenobi-

otics (Odermatt & Klusonova, 2015).

Experiments using human liver microsomes and HEK-293 cells

expressing human 11β-HSD1 and H6PD revealed that human

11β-HSD1 can convert the gut microbiota-derived 7-oxolithocholic

acid (7oxoLCA) and its taurine- and glycine-conjugated forms to

chenodeoxycholic acid (CDCA) and to a lesser extent to the

7β-stereoisomer ursodeoxycholic acid (UDCA) and their taurine- and

glycine-conjugated forms (Odermatt et al., 2011). Unlike human

11β-HSD1, the mouse and rat enzymes are not stereo specific and

were found to equally produce CDCA and UDCA (Arampatzis

et al., 2005). A comparison of liver-specific 11β-HSD1 knockout

(11LKO) and control (CTRL) mice showed completely abolished

7oxoLCA oxoreduction in liver microsomes from 11LKO, indicating

that 11β-HSD1 is the major if not only enzyme catalysing this reaction

in the liver. Plasma and intrahepatic levels of 7oxoLCA and its taurine-

conjugated form 7-oxolithocholyltaurine (7oxoLC-Tau) were found to

be increased in 11LKO and in global 11β-HSD1 knockout (11KO) mice

(Penno et al., 2013). Furthermore, 11KO mice exhibited increased

plasma and intrahepatic levels of most bile acids, resembling a mild

cholestasis phenotype.

F IGURE 1 Schematic overview of bile
acid homeostasis and a role for 11β-
HSD1. 11β-HSD1 catalyses the carbonyl
reduction of the substrates cortisone and
7oxoLCA to the corresponding products
cortisol, and UDCA and CDCA,
respectively. 11β-HSD1 activity requires
regeneration of cofactor NADPH from
NADP+ by H6PD-dependent conversion

of glucose-6-phosphate (G6P) to 6-
phosphogluconate (6PG). The formation
of muricholic acid metabolites by murine
Cyp2c70 is indicated
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Because we previously observed marked inter-animal variation

in circulating bile acid levels, we hypothesized that the ratios of 7β-

hydroxy- to 7-oxo-bile acids might serve as biomarkers for decreased

11β-HSD1 activity and that such ratios may be superior markers than

individual metabolite levels. We analysed plasma and liver tissue bile

acids in 11KO and 11LKO mice in order to calculate the ratios of

UDCA/7oxoLCA, CDCA/7oxoLCA, ursodeoxycholyltaurine (UDC-

Tau)/7oxoLC-Tau and chenodeoxycholyltaurine (CDC-Tau)/7oxoLC-

Tau (Penno et al., 2014; Penno, Morgan, et al., 2013). Furthermore,

we analysed bile acid composition in plasma and liver tissue samples

from global H6pd knockout (H6pdKO) mice as a model of decreased

11β-HSD1 oxoreduction activity and from C57BL/6JRj mice treated

with the pharmacological inhibitor carbenoxolone.

2 | METHODS

2.1 | Materials

Cholic acid (CA), CDCA, deoxycholic acid (DCA), lithocholic

acid (LCA), UDCA, deoxycholylglycine, chenodeoxycholylglycine

(CDC-Gly), CDC-Tau, cortisone, cortisol, corticosterone,

11-dehydrocorticosterone, carbenoxolone, [2,2,4,4-2H4]-CA (>98%

isotopic purity), [2,2,4,4-2H4]-CDCA (>98% isotopic purity) and

[2,2,4,4-2H4]-LCA (>98% isotopic purity) were obtained from Sigma-

Aldrich (St. Louis, MO, USA). 7-Oxodeoxycholic acid (7oxoDCA),

7oxoLCA, hyodeoxycholic acid (HDCA), α-muricholic acid (αMCA),

βMCA, ωMCA, ursodeoxycholylglycine (UDC-Gly), lithocholyltaurine

(LC-Tau), α-muricholyltaurine (αMC-Tau), βMC-Tau, ωMC-Tau and

[2,2,4,4-2H4]-DCA (>98% isotopic purity) were purchased from

Steraloids (Newport, RI, USA). Cholylglycine (C-Gly), cholyltaurine

(C-Tau), deoxycholyltaurine (DC-Tau) and UDC-Tau were obtained

from Calbiochem (Läufelfingen, Switzerland). [2,2,4,4-2H4]-UDCA

(>98% isotopic purity), [2,2,4,4-2H4]-C-Gly (>98% isotopic purity),

[2,2,4,4-2H4]-CDC-Gly (>98% isotopic purity), [2,2,4,4-2H4]-UDC-Gly

(>98% isotopic purity) and [2,2,4,6,6,17α,21,21-2H8]-corticosterone

were purchased from CDN isotopes (Pointe-Claire, Quebec,

Canada). 7oxoLC-Tau and 7-oxolithocholylglycine were a kind gift

from Dr. Alan F. Hofmann (University of California, San Diego, CA,

USA). [1,2,6,7-3H]-Cortisol was purchased from PerkinElmer

(Schwerzenbach, Switzerland), [1,2-3H]-cortisone from Anawa

(Kloten, Switzerland) and scintillation cocktail (IrgaSafe Plus) from

Zinsser Analytic GmbH (Frankfurt am Main, Germany). Ultra-HPLC

tandem-MS (UHPLC–MS/MS)-grade purity methanol, acetonitrile

and formic acid were obtained from Biosolve (Dieuze, France). RIPA

buffer, β-mercaptoethanol, HRP-conjugated goat anti-mouse sec-

ondary antibody (Cat#A0168, LOT#079M4881V, RRID:AB_257867),

rabbit polyclonal anti-H6PD antibody (Cat#HPA004824,

LOT#A06407 RRID:AB_1079037), dNTPs, KAPA SYBR® FAST

qPCR Kit, polyvinylidene difluoride membranes (Cat# IPVH00010,

pore size: 0.45 μm), Immobilon Western Chemiluminescence HRP

substrate kit and protease inhibitor cocktail were purchased from

Merck (Darmstadt, Germany). Rabbit polyclonal anti-11β-HSD1

antibody (Cat#10004303, LOT#126826-12, RRID:AB_10077698)

was purchased from Cayman chemicals (Ann Arbor, MI, USA), HRP-

conjugated goat anti-rabbit secondary antibody (Cat# 7074,

LOT#22, RRID:AB_2099233) from Cell Signaling (Cambridge, UK)

and mouse monoclonal anti-β-actin (ACTB) antibody (Cat#sc-47778,

LOT#D0618, Clone#C4, RRID:AB_2714189) from Santa Cruz

Biotechnology (Dallas, TX, USA). Pierce® bicinchoninic acid protein

assay kit and RapidOut DNA Removal kit were purchased from

Thermo Fisher Scientific (Waltham, MA, USA), RNeasy Mini Kit

from Qiagen (Venlo, Netherlands), GoScript Reverse Transcriptase,

Oligo-dT primers and RNasin® Ribonuclease Inhibitor from Promega

(Madison, WI, USA) and primers for RT-qPCR from Microsynth AG

(Balgach, Switzerland). HEK-293 cells (RRID:CVCL_0045) were pur-

chased from the American Type Culture Collection (Manassas, VA,

USA). FBS was obtained from Connectorate (Dietikon, Switzerland).

Penicillin/streptomycin and non-essential amino acids were pur-

chased from BioConcept (Allschwil, Switzerland). All other reagents

were purchased from Sigma-Aldrich.

2.2 | Animal experimentation

Animal studies are reported in compliance with the ARRIVE guidelines

(Percie du Sert et al., 2020) and with the recommendations made by

the British Journal of Pharmacology (Lilley et al., 2020). 11KO mice

were described earlier (Semjonous et al., 2011); a targeted deletion of

exon 5 in Hsd11b1 was obtained using the Cre-loxP system. E14TG2a

embryonic stem cells bearing a triloxed allele were injected into

C57BL/6J (RRID:IMSR_JAX:000664) blastocysts and chimeric mice

were mated with C57BL/6J females. Mice heterozygous for a triloxed

allele were crossed with ZP3-Cre to create the null allele and bread to

homozygosity to generate 11KO. 11KO were intercrossed to maintain

the C57BL/6J/129SvJ background. To obtain 11LKO, the floxed

homozygous 11KO mice on the mixed C57BL/6J/129SvJ background

were crossed with Albumin-Cre transgenic mice on a C57BL/6J back-

ground to target Cre expression to hepatocytes (Lavery et al., 2012).

Mice were group housed at the University of Birmingham

(Birmingham, UK), in a climate-controlled facility under standard con-

ditions on a 12-h light/dark cycle and fed ad libitum with standard

chow (Cat#D12328, Research Diets, Inc., New Brunswick, USA) and

free access to drinking water. 11KO, 11LKO and their respective con-

trol littermates, 15-week-old male mice, were fasted overnight and

anaesthetized with isoflurane prior to collection of blood samples by

intra-cardiac puncture and isolation of livers. Samples were collected

between 7:00 and 10:00. Studies with 11KO and 11LKO were con-

ducted under Home Office license PPL 70/8516, following approval

by the Joint Ethics and Research Governance Committee of the Uni-

versity of Birmingham in accordance with the United Kingdom Ani-

mals (Scientific Procedures) Act, 1986 and the EU Directive 2010/63/

EU for animal experiments.

For H6pdKO mice, a deletion of exons 2 and 3 in H6pd was gener-

ated by homologous recombination in 129SvJ embryonic stem cells,

followed by injection into C57BL/6J blastocysts and resulting
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chimeric mice were mated with C57BL/6J female mice. Mice were

intercrossed to maintain the C57BL/6J/129SvJ background. From

these, heterozygous mice were intercrossed to obtain H6pdKO mice

and control littermates (H6pdtm1Pmst, RRID:MGI:3624665, Lavery

et al., 2006). H6pdKO mice were transferred from the University of

Birmingham to the PharmaCenter animal facility (University of Basel,

Switzerland), where they were bred and housed. The C57BL/6JRj

(RRID:MGI:2670020) mice used for carbenoxolone treatment were

purchased from Janvier Laboratories (Saint Berthevin, France). These

animals were acclimatized to the new environment (Basel, Switzerland)

for 1 week prior to the experiment. Experiments with H6pdKO and

C57BL/6JRj mice were performed on 10- to 12-week-old males. The

Cantonal Veterinary Office in Basel, Switzerland, approved all proce-

dures (cantonal licenses 2758_26280 and 2758_29462). Mice were

group housed in acclimate-controlled facility under standard conditions

and a 12-h light/12-h dark cycle with free access to standard chow

(Cat#3432, KLIBA NAFAG, Kaiseraugst, Switzerland) and drinking

water in ventilated cages. All experiments were performed between

7:00 and 10:00. Mice (not fasted) were killed by exposure to CO2 until

respiratory arrest was observed, absence of pain reaction was verified

and cardiac puncture was performed immediately to collect blood.

Plasma samples were prepared by centrifugation at 2,000× g, 10 min,

4�C and stored at −80�C. Liver tissue samples were either immediately

used for 11β-HSD1 activity assay or snap frozen in liquid nitrogen and

stored at −80�C until further analysis. In experiments including car-

benoxolone treatment, C57BL/6JRj mice received carbenoxolone

(100 mg�kg−1�day−1) for 4 days via i.p. injection (50 mg�kg−1 in PBS at

7:00 and 17:00). The dose was established in preliminary experiments.

Animals for the carbenoxolone treatment were distributed, treated and

killed in randomized block design (study performed at the beginning of

2017). Only the person handling the animals was aware of the group

allocation. Animals which displayed obvious signs of health issues like

excessive loss of weight (more than 20%) were excluded from the

study. These criteria were defined prior to the study. H6pdKO and

corresponding control littermates were randomly assigned to groups.

Resulting sample material from plasma and liver tissue (experimental

unit) was extracted, measured and analysed in a blinded and simple

randomized design. Final sample batches from UHPLC–MS/MS

analysis were transferred to Excel and unblinded for statistical

evaluations.

2.3 | Quantification of bile acids and steroids

Stock solutions of analytes, internal standards (10 mmol�L−1) and

mixtures of analytes (Penno et al., 2013) were prepared in metha-

nol. Calibrators for plasma analysis of bile acids (25 μl) or steroids

(50 μl) were prepared by serial dilution of charcoal-treated mouse

plasma spiked with analytes. Calibration curves for liver samples

were prepared by serial dilution of analytes in PBS (200 μl,

pH 7.2). Calibration curves for cell culture supernatant were pre-

pared by serial dilution in serum-free culture medium. All calibra-

tors were subsequently treated as samples. An internal standard

mixture was prepared of 2H4-CA,
2H4-CDCA, 2H4-DCA, 2H4-UDCA,

2H4-C-Gly,
2H4-CDC-Gly, 2H4-UDC-Gly and 2H4-LCA for quantifi-

cation of bile acids in plasma and liver, of 2H4-CDCA, 2H4-UDCA

and 2H4-LCA for bile acid quantification in cell culture supernatant,

and of 2H8-corticosterone and 2H4-cortisone for steroid

quantification.

Plasma samples (25 μl) for bile acids were diluted with water

(75 μl), spiked with internal standard (100 nmol�L−1) and subjected to

protein precipitation by isopropanol (900 μl). Samples were incubated

(30 min, 4�C, 1,400 rpm) and centrifuged (10 min, 4�C, 16,000× g),

and supernatants were transferred into a fresh tube. Liver samples

(approximately 30 mg) were homogenized using a Precellys 24 tissue

homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France)

(4�C, 3×, 30 s at 6,500 rpm, cycle break 30 s) in water–chloroform–

methanol (1 ml, 20/20/60; v/v/v) containing internal standard

(100 nmol�L−1). Samples were incubated (15 min, 850 rpm, 37�C) and

centrifuged (10 min, 25�C, 16,000× g), and supernatants (800 μl)

were transferred to a fresh tube. All plasma and liver samples were

re-extracted and supernatants combined. Cell culture supernatant

(450 μl) was spiked with internal standard (100 nmol�L−1), subjected
to protein precipitation by isopropanol (1 ml), incubated (30 min, 4�C,

1,300 rpm) and centrifuged (10 min, 4�C, 16,000× g), and the

resulting supernatant was transferred to a fresh tube. Supernatants

of plasma (2 ml), liver (1.6 ml), and cell culture (1.45 ml) were evapo-

rated to dryness using a Genevac EZ-2 evaporator (35�C). Plasma

samples (50 μl) for steroids were spiked with internal standard

(3.3 nmol�L−1) and extracted by solid phase extraction (3 cc, Oasis

HLB cartridges) as described (Strajhar et al., 2016). Extracts (1 ml)

were evaporated to dryness (35�C). Sample residues for bile acid

detection were reconstituted (10 min, 25�C, 1,300 rpm) in methanol–

water (50/50 v/v; 50 μl for plasma, 200 μl for liver, 50 μl for cell cul-

ture supernatant). Sample residues for steroid measurement were

reconstituted (10 min, 4�C, 1,300 rpm) in methanol (25 μl). All rec-

onstituted samples were sonicated (10 min, 25�C) and centrifuged

(10 min, 25�C, 16,000× g), and supernatants were transferred to

glass vials.

The injection volume for bile acid detection was 2 μl (plasma

and cell culture supernatant) or 3 μl (liver) and for plasma steroids

5 μl. Samples were stored at −20�C until analysis by UHPLC–MS/

MS as described earlier (Penno, Arsenijevic, et al., 2013) with minor

modifications. Briefly, analytes were detected by multiple reaction

monitoring using an Agilent Triple Quadrupole 6490 instrument with

electrospray ionization and polarity switching. Analytes were sepa-

rated with a reverse-phase column (Acquity UPLC BEH C18,

1.7 μm, 2.1 × 150 mm, Waters, Milford, MA, USA) at 65�C within

17.5 min for bile acids or 10 min for steroids. The mobile phase

consisted of water–acetonitrile–formic acid (A) (95/5/0.1, v/v/v)

and (B) (5/95/0.1, v/v/v). Gradient elution (% mobile phase B) was

performed at constant flow (0.63 ml�min−1): bile acids, 0–8 min

(25%); 8–17.5 min (35–68.25%); 17.5–18 min (68.25–25%);

followed by a washout 18–20 min (25–100%) and 20–22 min

(100%); and steroids, 0–10 min (25–70%); followed by a washout

10–12 min (100%). The column was post run reconstituted to initial
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%B within 2 min prior to further injections. Data acquisition and

quantification were performed using MassHunter (Acquisition soft-

ware version B.09.00, build 9.0.9037.0 and quantitative software

version B.07.01, build 7.1.524.0).

2.4 | Expression of mouse 11β-HSD1 in HEK-293
cells and oxoreduction of 7oxoLCA

HEK-293 cells, cultured in DMEM supplemented with 10% FBS,

10 mmol�L−1 HEPES, 100 units�ml−1 penicillin, 0.1 mg�ml−1 strepto-

mycin and non-essential amino acids in a 5% CO2 atmosphere at

37�C, were transfected with plasmid expressing mouse 11β-HSD1

bearing a C-terminal FLAG epitope (Arampatzis et al., 2005) using the

calcium phosphate transfection method. The medium was changed

8 h after transfection and after 48 h, cells were cultured in medium

containing G-418 as selection antibiotic (800 μg�ml−1). HEK-293 cells

stably expressing mouse 11β-HSD1 are referred to as MO1F cells.

Cells (100,000 per well) were seeded on poly-L-lysine coated 24-well

plates. After 24 h, cells were washed twice with serum-free culture

medium and incubated with 400 nmol�L−1 7oxoLCA, either with or

without 5 μmol�L−1 carbenoxolone, for 0, 4 and 24 h. Of the superna-

tant, 450 μl was then transferred to a 2-ml tube and stored at −20�C

until bile acid quantification.

2.5 | In vivo 11β-HSD1 activity assessment

Mice were injected i.p. with 5 mg�kg−1 of cortisone (in DMSO). After

10 min, mice were killed by CO2 asphyxiation and cardiac puncture

was performed immediately to collect blood. Plasma was prepared

and stored as described above. Plasma was extracted, and cortisone

and cortisol levels were measured by UHPLC–MS/MS as described

above.

2.6 | Ex vivo activity assay

Freshly isolated liver tissue samples (50–100 mg) were placed in

tubes, followed by injection of radiolabelled substrate mixture (10 μl

containing either 950 nmol�L−1 cortisone + 50 nmol�L−1
3H-cortisone [60 Ci�mmol−1] or 950 nmol�L−1 cortisol + 50 nmol�L−1
of 3H-cortisol [70 Ci�mmol−1]). Samples were incubated at 16�C for

10 min. Freshly isolated epididymal white adipose tissue samples

(50–100 mg) were similarly treated but incubated for 10 min at

37�C. Reactions were terminated by snap freezing and stored at

−80�C. For the extraction of cortisone and cortisol, samples were

sonicated for 30 s in 200-μl water; 750-μl ethyl acetate was added,

followed by incubation (15 min, 4�C, 1,300 rpm) then centrifugation

(10 min, 4�C, 16,100× g). The supernatant (600 μl) was transferred

to a fresh tube and the extraction repeated. Combined supernatants

(1.2 ml) were evaporated to dryness in a Genevac EZ-2 (35�C). Resi-

dues were reconstituted in 1.2-ml methanol by sonication (10 min,

25�C), followed by evaporation to dryness and storage at −80�C. To

the white adipose tissue samples, 1-ml methanol was added, samples

were vortexed for 10 s and centrifuged (10 min, 25�C, 21,000× g),

and supernatant (950 μl) was transferred to a new tube. Samples

were evaporated to dryness and stored at −80�C. Residues of the

liver and white adipose tissue samples were then reconstituted in

40-μl methanol containing 0.5 mmol�L−1 of cortisone and cortisol, by

sonication (10 min, 25�C). Samples (10 μl) were then separated on SIL

G-25 UV TLC plates (Macherey-Nagel, Düren, Germany) in chloro-

form/methanol (90/10, v/v) and analysed by scintillation counting.

2.7 | Quantification of mRNA expression by RT-
qPCR

Liver samples (approximately 14 mg) were homogenized

(6,500 rpm, 4�C, 30 s; Precellys 24 tissue homogenizer in 400-μl

RLT buffer [RNeasy Mini, Qiagen]) and centrifuged (3 min, 25�C,

16,000× g). Total RNA was isolated from the supernatant

(QIAcube, standard protocol for animal tissues and cells, Qiagen)

and genomic DNA was removed by DNAse digestion. RNA was

quantified and transcribed (500 ng) into cDNA and then qPCR was

performed (4-ng cDNA per reaction in triplicate, 40 cycles) using

KAPA SYBR® FAST. Oligonucleotide primers: Hsd11b1 forward 50-

TGG TGC TCT TCC TGG CCT-30, reverse 50- CCC AGT GAC AAT

CAC TTT CTT T-30; H6pd forward 50- CTT GAA GGA GAC CAT

AGA TGC G-30 , reverse 50- TGA TGT TGA GAG GCA GTT CC-30;

peptidylpropyl isomerase A (Ppia) forward 50- CAA ATG CTG GAC

CAA ACA CAA ACG-30, reverse 50- GTT CAT GCC TTC TTT CAC

CTT CCC-30. Comparison of gene expression was performed using

the 2-ΔCT method with Ppia as the internal control (Schmittgen &

Livak, 2008).

2.8 | Protein expression analysis by Western blot

Liver samples (approximately 6 mg) were homogenized (6,500 rpm,

30 s, 4�C, Precellys 24 tissue homogenizer) in RIPA buffer (450 μl)

containing protease inhibitor cocktail and centrifuged (4 min, 4�C,

16,000× g). Protein concentration was quantified by using a

bicinchoninic acid protein assay and samples were prepared (5 min

at 95�C) in Laemmli solubilization buffer (60 mmol�L−1 Tris–HCl,

10% glycerol, 0.01% bromophenol blue, 2% sodium dodecyl sulfate,

pH 6.8, 5% β-mercaptoethanol). The protein extract (20 μg) was

separated by 14% SDS-PAGE and transferred to polyvinylidene

difluoride membranes. The membranes were blocked (1 h, 25�C) in

TBS-T (5% defatted milk, 20 mmol�L−1 Tris buffered saline with

0.1% Tween-20). All antibody dilutions and incubations were per-

formed in TBS-T. 11β-HSD1 protein expression was measured with

rabbit polyclonal anti-11β-HSD1 antibody (1:1,000, 4�C, overnight).

The membrane was washed and incubated with HRP-conjugated

goat anti-rabbit secondary antibody (1:2,000, 25�C, 1 h). H6PD
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protein expression was determined using rabbit polyclonal anti-

H6PD antibody (1:1,000, 4�C, overnight) and HRP-conjugated goat

anti-rabbit secondary antibody (1:2,000, 25�C, 1 h). ACTB was

detected using mouse monoclonal anti-ACTB antibody (1:1,000,

4�C, overnight) followed by HRP-conjugated goat anti-mouse sec-

ondary antibody (1:4,000, 25�C, 1 h). Protein content was visual-

ized by Immobilon Western Chemiluminescence HRP substrate kit.

11β-HSD1 and H6PD were quantified by densitometry normalized

to ACTB protein levels using ImageJ software (version 1.53n,

RRID:SCR_003070). The Immuno-related procedures used comply

with the recommendations made by the British Journal of Pharma-

cology (Alexander et al., 2018).

2.9 | Estimation of NADPH levels in the ER

A method by Rogoff et al. (2010) to estimate NADPH content in liver

microsomes was modified. Approximately 100 mg of frozen mouse

liver tissue was thawed and homogenized in nine volumes of buffer

containing 50 mmol�L−1 KCl, 2 mmol�L−1 MgCl2, 0.25 mol�L−1 sucrose,
20 mmol�L−1 Tris, pH 7.5 and protease inhibitor cocktail. The homoge-

nate was centrifuged at 12,000× g at 4�C for 20 min and the superna-

tant was centrifuged again at 105,000× g at 4�C for 60 min. The

resulting pellet was resuspended in 600 μl homogenization buffer and

centrifuged again at 105,000× g at 4�C for 60 min. The pellet was

then resuspended in 50-μl buffer containing 100 mmol�L−1 KCl,

20 mmol�L−1 NaCl, 1 mmol�L−1 MgCl2, 20 mmol�L−1 3-(N-morpholino)

propanesulfonic acid (MOPS), pH 7.2 and protease inhibitor cocktail.

Protein concentration was determined by using a bicinchoninic acid

assay. Resuspended microsomes (protein concentration: 0.5 mg�ml−1)

were permeabilized with alamethicin (0.1 mg�mg−1 protein) and

3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate

(CHAPS) 0.25% (w/v) and EDTA (final concentration of 160 nmol�L−1)
were added. Permeabilized microsomes were incubated for 30 min

at 4�C with mixing every 5 min. Next, 100 μl of microsomal prepara-

tion per well were incubated in a 96-well plate at 25�C for

5 min. The absorbance of total reduced pyridine nucleotides

([NADPH] + [NADH]) was measured at wavelength 335–345 nm.

NADPH levels were then determined by incubating 100 μl of perme-

abilized microsomes with 1.4 IU GSH reductase and 0.75 mmol�L−1 of
oxidized GSH for 20 min at 25�C whilst shaking at 350 rpm. The

resulting decrease in absorbance is a measure of the NADPH content.

Absorbance of total reduced pyridine nucleotides was measured

against buffer in the absence of microsomes. To determine NADPH

content, the absorbance of buffer containing 1.4 IU and 0.75 mmol�L−1
GSSG was subtracted from the absorbance obtained from the micro-

somal preparation. All samples were tested at least in duplicate.

2.10 | Statistical analysis

Sample size ranged from seven to 20 animals. The different sample

sizes for the different parameters measured were chosen according to

experiments from previous studies where statistically significant effects

have been observed. Data were tested for normal distribution by a

D'Agostino and Pearson omnibus normality test followed by a non-

parametric (two-tailed) Mann–Whitney U test for analysis of signifi-

cance. Data represent mean ± SEM. All statistical analyses were per-

formed using GraphPad Prism 5.0 software (RRID:SCR_002798), and

P < 0.05 was considered significant. Effect sizes were determined for

bile acid concentrations measured by UHPLC–MS/MS in plasma and

liver samples from transgene or treated mice versus their respective

controls (Table S1). Data represent the effect size calculated based on

Cohen's d effect size (ES d) with correction of unequal sample sizes for

the analysis of data from non-parametric analysis (Mann–Whitney

U test) calculated as Hedges' g with corresponding confidence intervals

of the effect size. The data and statistical analysis comply with the rec-

ommendations of the British Journal of Pharmacology on experimental

design and analysis in pharmacology (Curtis et al., 2018).

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | Increased circulating bile acids in 11KO mice

A previous study indicated that 11β-HSD1 is the only enzyme

catalysing the conversion of 7oxoLCA to CDCA and UDCA, reporting

an accumulation of 7oxoLCA and 7oxoLC-Tau in plasma and liver tis-

sue from 11KO mice, although with large inter-individual variations

(Penno, Morgan, et al., 2013). Here, we have performed a reanalysis of

the bile acid profiles from the previous study which shows increased

levels of almost all bile acids (primary and secondary, free and conju-

gated) in plasma samples from 11KO mice, compared to control litter-

mates, resembling a mild cholestasis phenotype (Table 1). However,

due to the high inter-individual variations, only some values reached

significance. The levels of taurine-conjugated bile acids were almost

an order of magnitude higher than those of their free forms. Because

glycine-conjugated bile acids are considered to be of minor impor-

tance or absent in mice, consistent with previous findings (Alnouti

et al., 2008; Garcia-Canaveras et al., 2012; Penno et al., 2014), they

were not included in the analysis here. In liver tissue of 11KO, free bile

acids were elevated or tended to be elevated, with the exception of

the 7β-hydroxylated bile acid βMCA that was fourfold lower. The

taurine-conjugated bile acids showed a weak trend to be increased in

livers of 11KO. However, 7oxoLC-Tau was more than 10-fold higher

in livers of 11KO mice compared to control littermates (CTRL) and

UDC-Tau was about 30-fold lower.
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3.2 | The UDC-Tau/7oxoLC-Tau ratio in plasma
and liver tissue detects the lack of 11β-HSD1 activity
in 11KO mice

The concentrations of the 11β-HSD1 substrates 7oxoLCA and

7oxoLC-Tau increased about 20-fold and 40-fold, respectively, in

plasma of 11KO compared to CTRL (Table 1, Figure S1), with large

inter-individual variations, as reported earlier (Penno, Morgan,

et al., 2013). It needs to be noted that no outliers were excluded from

the analysis. The respective products of 11β-HSD1, that is, CDCA,

UDCA and their taurine-conjugated forms, also were higher in 11KO

plasma compared to CTRL, although clearly less pronounced than the

7-oxo metabolites. In liver tissue, 7oxoLCA was 3.7-fold and 7oxoLC-

Tau 15-fold higher in 11KO compared to CTRL (Table 1, Figure S2).

The respective products CDCA, UDCA and CDC-Tau tended to

increase, whereas UDC-Tau decreased 30-fold. Importantly, the 11β-

HSD1 product to substrate ratios (the ratio of CDCA and UDCA and

their taurine-conjugated forms to the respective 7oxo metabolites)

showed less variation than the individual metabolite concentrations

(Figures S1 and S2). UDC-Tau/7oxoLC-Tau was the most dis-

tinguishing marker for the lack of 11β-HSD1 activity when consider-

ing both plasma and liver tissue samples (Table 1, Figure 2).

Interestingly, in plasma and liver tissue of 11KO mice, the levels

of the 7α-hydroxylated bile acid αMCA were 45-fold and 12-fold

TABLE 1 Bile acid profiles in plasma and liver of 11KO mice

Analyte

Plasma (nmol�L−1) Liver (fmol�mg−1)

CTRL 11KO CTRL 11KO

(n = 18) (n = 17) (n = 9) (n = 9)

CA 703 ± 323 18,836 ± 10,398 1,673 ± 558 6,911 ± 4,710

CDCA 13.9 ± 3.8 192 ± 108 38 ± 10 49 ± 16

DCA 289 ± 71 1,603 ± 687 239 ± 53 318 ± 88

7oxoDCA 908 ± 439 29,886 ± 14,966* 1,396 ± 455 13,196 ± 9,162

HDCA 17.7 ± 4.0 236 ± 70* 74 ± 15 343 ± 124*

αMCA 101 ± 48 4,578 ± 2,091* 340 ± 90 4,018 ± 2,136*

βMCA 572 ± 165 826 ± 355 3,457 ± 968 897 ± 387*

ωMCA 604 ± 190 2,351 ± 1,182 1,461 ± 450 1,506 ± 644

UDCA 69 ± 18 486 ± 223 168 ± 38 291 ± 184

7oxoLCA 10.2 ± 3.1 201 ± 100* 18.2 ± 4.4 67 ± 24

αMCA/βMCA 0.22 ± 0.05 9.1 ± 5.0* 0.12 ± 0.21 3.65 ± 0.60*

UDCA/7oxoLCA 41 ± 18 16.9 ± 13.8* 13.7 ± 4.2 4.5 ± 1.2

CDCA/7oxoLCA 4.6 ± 2.4 1.93 ± 0.98 2.3 ± 0.5 1.03 ± 0.14*

C-Tau 3,578 ± 2,331 110,304 ± 94,731 32,352 ± 7,659 51,276 ± 15,249

CDC-Tau 266 ± 175 3,961 ± 3,339 991 ± 185 1,980 ± 765

DC-Tau 1,412 ± 863 12,212 ± 9,988 5,760 ± 1,324 7,711 ± 2,315

LC-Tau 6.3 ± 4.5 89 ± 69 59 ± 11 85 ± 21

αMCA-Tau + βMCA-Tau 4,203 ± 2,384 29,184 ± 23,757 19,635 ± 4,314 20,556 ± 7,700

ωMCA-Tau 5,132 ± 2,836 17,184 ± 13,056 24,404 ± 4,625 14,609 ± 4,313

UDC-Tau 331 ± 185 2,947 ± 2,920 1,673 ± 350 53 ± 27*

7oxoLC-Tau 143 ± 77 5,931 ± 3,962 174 ± 34 2,718 ± 1,135*

UDC-Tau/7oxoLC-Tau 2.2 ± 0.3 0.30 ± 0.11* 9.5 ± 1.6 0.020 ± 0.004*

CDC-Tau/7oxoLC-Tau 1.05 ± 0.23 0.63 ± 0.09 6.9 ± 1.1 0.83 ± 0.06*

Sum primary BA 1,458 ± 493.0 23,782 ± 12,339 5,675 ± 1,570 12,167 ± 7,413

Sum primary BA-Tau 8,379 ± 4,391 137,957 ± 117,634 54,651 ± 12,386 73,866 ± 23,548

Note: The results represent mean ± SEM (nmol�L−1 and fmol�mg−1 for plasma and liver, respectively). Analyte concentrations with a S/N ≤ 3 represent the

LLOD of the UHPLC–MS/MS method. Samples yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and fmol�mg−1, respectively) in

the calculations of a specific analyte. Blue- and yellow-coloured boxes indicate statistically significant increases and decreases, respectively. Unequal group

sizes reflect exclusion of one plasma sample due to insufficient collection of blood sample volume and the availability of only nine livers due to the use of

nine randomly assigned livers for gene expression analyses in a previous study.

Abbreviations: 11KO, global Hsd11b1 knockout; CTRL, control littermates.

*P < 0.05 significantly different as indicated; non-parametric, Mann–Whitney U test (two-tailed).
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higher than in CTRL, whereas its 7β-hydroxylated form βMCA was not

different in CTRL plasma but 3.8-fold lower in liver tissue (Table 1).

The respective αMCA/βMCA ratios were 40-fold and 30-fold higher

in 11KO compared to CTRL, suggesting a possible effect of

11β-HSD1 on isomerization. Due to a limitation of the applied analyti-

cal method, αMC-Tau and βMC-Tau could not be separated and

therefore, the corresponding ratio not determined.

3.3 | 11LKO mice exhibit decreased plasma and
liver tissue UDC-Tau/7oxoLC-Tau ratios

The liver shows the highest 11β-HSD1 expression; nevertheless, an

earlier study reported 25–30% residual in vivo (whole body)

11β-HSD1 oxoreduction activity in 11LKO mice lacking 11β-HSD1

specifically in hepatocytes (Lavery et al., 2006). Thus, 11LKO mice

represent a model of reduced 11β-HSD1 activity but with complete

loss of activity in hepatocytes.

The free bile acids in plasma and liver tissue of 11LKO tended to

be higher compared to CTRL (Table 2), an effect considerably more

pronounced in 11KO (Table 1). 7oxoLCA was 11-fold higher in plasma

and twofold in liver tissue (Table 2). The plasma UDCA/7oxoLCA and

CDCA/7oxoLCA ratios were sevenfold and twofold lower in 11LKO

compared to CTRL, whilst remaining unchanged in liver tissue. Plasma

7oxoLC-Tau was slightly more abundant than its free form and it was

20-fold higher in 11LKO than in CTRL, whilst CDC-Tau was not dif-

ferent, and UDC-Tau was sixfold lower in 11LKO, resulting in signifi-

cantly decreased product to substrate ratios (Table 2, Figure 3; see

also Figure S3 for individual data points). In liver tissue, 7oxoLC-Tau

was 5.5-fold increased, CDC-Tau not different and UDC-Tau three-

fold lower in 11LKO compared to CTRL (Table 2; see also Figure S4).

In agreement with 11KO, the CDC-Tau/7oxoLC-Tau and

UDC-Tau/7oxoLC-Tau ratios were lower in 11LKO liver tissue com-

pared to CTRL (fivefold and 16-fold, respectively). The αMCA/βMCA

ratio was 3.3-fold higher in plasma and 7.3-fold in liver tissue of

11LKO (Table 2).

3.4 | H6pdKO mice exhibit moderately decreased
11β-HSD1 oxoreduction activity

Previous characterization of H6pdKO mice suggested, based on exper-

iments using microsomal preparations, a complete loss of 11β-HSD1

oxoreduction activity (Lavery et al., 2006). To assess the conversion

of 11-oxo- to 11β-hydroxyglucocorticoids in vivo, H6pdKO mice and

control littermates received cortisone i.p. and were killed 10 min later,

followed by measuring formed cortisol. 11β-HSD1 oxoreduction

activity was reduced to approximately 60% of the level in control mice

(Figure 4a), despite comparable hepatic 11β-HSD1 mRNA and protein

expression (Figure 4b,c). As expected, H6PD mRNA and protein

expression were abolished in H6pdKO. Similarly, ex vivo oxoreduction

was reduced in liver of H6pdKO mice to half the activity of controls

(Figure 4d). There was a corresponding increase in dehydrogenase

activity to approximately fivefold the level in control liver (Figure 4e).

The ratio of oxoreduction to dehydrogenase activity was estimated to

be about five in CTRL and 0.5 in H6pdKO liver tissue. Similar experi-

ments in white adipose tissue showed approximately 40% residual

oxoreduction activity in H6pdKO compared to CTRL, whilst dehydro-

genase activity increased 30-fold to 40-fold (Figure S5). Thus, in con-

trast to the expectation of a complete loss of 11β-HSD1 oxoreduction

activity, these results revealed a moderately decreased oxoreduction

in H6pdKO mice despite an increase in dehydrogenase activity.

An estimation of the impact of the lack of H6PD on NADPH

levels in the ER using liver microsomes indicated that the content of

total reduced pyridine nucleotides (NADPH + NADH) did not differ

between control and H6pdKO (Figure 4f), but NADPH content of

H6pdKO mouse liver microsomes was moderately lower by approxi-

mately 30% compared to control (Figure 4g).

F IGURE 2 Plasma and liver tissue UDCA/7oxoLCA and UDC-Tau/7oxoLC-Tau ratios in 11KO mice. (a) UDCA/7oxoLCA ratios and (b) UDC-
Tau/7oxoLC-Tau ratios in plasma of 11KO mice (CTRL n = 18; 11KO n = 17); (c) UDCA/7oxoLCA ratios and d) UDC-Tau/7oxoLC-Tau ratios in
liver tissue of 11KO mice (CTRL n = 9; 11KO n = 9). Analyte concentrations defined by a S/N ≤ 3 represent the LLOD of the UHPLC–MS/MS
method. Samples yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and fmol�mg−1 for plasma and liver, respectively) in
the calculations of a specific analyte. The results represent mean ± SEM. *P < 0.05 significantly different as indicated; non-parametric,
Mann–Whitney U test (two-tailed). Unequal group sizes reflect exclusion of one plasma sample due to insufficient collection of blood sample
volume and the availability of only nine livers due to the use of nine randomly assigned livers for gene expression analysis in a previous study
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3.5 | The UDC-Tau/7oxoLC-Tau ratio detects
decreased 11β-HSD1 oxoreductase activity in
H6pdKO mice

Next, plasma and liver tissue bile acid profiles between H6pdKO and

control mice were compared. Unlike in 11KO, primary and taurine-

conjugated bile acids were not generally elevated in plasma of

H6pdKO mice (Table 3). 7oxoLCA was 1.8-fold higher in H6pdKO

plasma, whilst UDCA was threefold lower and CDCA not different

between the two genotypes. The ratio of CDCA/7oxoLCA only

tended lower, whereas UDCA/7oxoLCA was 3.7-fold lower in

H6pdKO plasma (Figure 4h). 7oxoLC-Tau was about ninefold higher in

H6pdKO plasma than in CTRL, whereas UDC-Tau was not different

and CDC-Tau tended to increase. Both ratios CDC-Tau/7oxoLC-Tau

and UDC-Tau/7oxoLC-Tau (Figure 4h; see also Figure S6) were sig-

nificantly lower in H6pdKO plasma. In agreement with 11KO and

11LKO, these observations were supported by a similar bile acid

profile in liver tissue with almost threefold increased 7oxoLCA and

twofold decreased UDCA in H6pdKO but no difference in CDCA

(Table 3, Figure S7). The CDCA/7oxoLCA and UDCA/7oxoLCA

ratios were twofold and fivefold lower, respectively, in H6pdKO liver

tissue (Table 3, Figure 4i). The levels of the taurine-conjugated bile

acids were about an order of magnitude higher than those of their

free forms. 7oxoLC-Tau was fourfold higher in H6pdKO compared

to control, but due to inter-individual variation, the value did not

reach significance. CDC-Tau was not different between the two

TABLE 2 Bile acid profiles in plasma
and liver of 11LKO mice

Analyte

Plasma (nmol�L−1) Liver (fmol�mg−1)

CTRL 11LKO CTRL 11LKO

(n = 17) (n = 16) (n = 17) (n = 16)

CA 528 ± 87 3,141 ± 1,837 2,004 ± 606 5,589 ± 1,271*

CDCA 15.2 ± 3.3 42 ± 14 17.4 ± 3.1 26 ± 6

DCA 148 ± 33 184 ± 87 66 ± 22 94 ± 32

7oxoDCA 188 ± 55 2,306 ± 1,488 985 ± 455 6,477 ± 1,679*

HDCA 25 ± 5 33 ± 12 33 ± 8 82 ± 23

αMCA 67 ± 17 425 ± 285 356 ± 91 2,685 ± 749*

βMCA 904 ± 145 276 ± 104* 2,693 ± 619 2,423 ± 511

ωMCA 888 ± 149 937 ± 479 1,268 ± 356 3,178 ± 763

UDCA 75 ± 10 77 ± 37 103 ± 26 249 ± 52*

7oxoLCA 6.8 ± 1.3 76 ± 38 28 ± 5 63 ± 17

αMCA/βMCA 0.18 ± 0.10 0.60 ± 0.09* 0.13 ± 0.02 0.96 ± 0.13*

UDCA/7oxoLCA 32 ± 12 4.5 ± 2.4* 5.0 ± 1.1 6.0 ± 1.0

CDCA/7oxoLCA 3.9 ± 1.6 1.86 ± 0.97* 0.91 ± 0.12 0.74 ± 0.12

C-Tau 2,993 ± 1,687 2,091 ± 1,778 59,664 ± 15,995 66,470 ± 11,753

CDC-Tau 76 ± 48 78 ± 53 2,355 ± 515 2,667 ± 536

DC-Tau 200 ± 106 289 ± 149 3,843 ± 1,822 2,367 ± 735

LC-Tau 16.0 ± 0.7 1.81 ± 0.70 50 ± 13 40 ± 9

αMCA-Tau + βMCA-Tau 1,854 ± 851 2,878 ± 1,923 30,702 ± 6,384 29,952 ± 6,056

ωMCA-Tau 2,133 ± 1,324 1,286 ± 1,088 32,951 ± 6,074 28,000 ± 4,968

UDC-Tau 103 ± 60 16.1 ± 9.8* 2,754 ± 531 886 ± 489*

7oxoLC-Tau 9.1 ± 3.3 187 ± 110 560 ± 123 3,101 ± 935*

UDC-Tau/7oxoLC-Tau 158 ± 149 0.72 ± 0.22* 6.5 ± 1.1 0.40 ± 0.22*

CDC-Tau/7oxoLC-Tau 122 ± 120 0.78 ± 0.12* 5.6 ± 1.3 1.09 ± 0.11*

Sum primary BA 1,588 ± 179 3,962 ± 2,156 5,174 ± 1,266 10,971 ± 2,449

Sum primary BA-Tau 5,026 ± 2,272 5,063 ± 3,625 95,475 ± 19,081 99,975 ± 17,536

Note: The results represent mean ± SEM (nmol�L−1 and fmol�mg−1 for plasma and liver, respectively).

Analyte concentrations defined by a S/N ≤ 3 represent the LLOD of the UHPLC–MS/MS method.

Samples yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and fmol�mg−1,

respectively) in the calculations of a specific analyte. Blue- and yellow-coloured boxes indicate

statistically significant increases and decreases, respectively. Unequal group sizes reflect exclusion of one

11LKO animal due to unexpected health issues prior to reaching the age for the experiment.

Abbreviations: 11LKO, liver-specific Hsd11b1 knockout; CTRL, control littermates.

*P < 0.05, significantly different as indicated; non-parametric, Mann–Whitney U test (two-tailed).
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genotypes, whilst UDC-Tau decreased twofold. The ratios CDC-

Tau/7oxoLC-Tau and UDC-Tau/7oxoLC-Tau (Figure 4i; see also

Figure S7) were threefold and fivefold lower, respectively, in

H6pdKO liver tissue.

As seen in 11KO and 11LKO, the ratio of αMCA/βMCA was sig-

nificantly higher in H6pdKO plasma (fourfold) and liver tissue (five-

fold). In H6pdKO mice, this was due to significantly lower βMCA.

αMCA was not different between the genotypes (Table 3).

3.6 | The UDC-Tau/7oxoLC-Tau ratio detects
pharmacologically diminished 11β-HSD1 activity

The UDC-Tau/7oxoLC-Tau ratio detected the reduced 11β-HSD1

activity due to genetic alteration of its expression (11KO, 11LKO) or

reaction direction (H6pdKO). To see if enzyme inhibition without

genetic manipulation also can be detected, the known 11β-HSD1

inhibitor carbenoxolone was used. Inhibition by carbenoxolone of

11β-HSD1-dependent metabolism of 7oxoLCA was first assessed

in vitro. HEK-293 cells stably expressing murine 11β-HSD1 (MO1F

cells) showed a time-dependent conversion of 7oxoLCA to compara-

ble amounts of UDCA and CDCA, with almost complete metabolism

of 7oxoLCA after 24 h (Figure S8). Incubation with carbenoxolone

almost fully blocked the formation of UDCA and CDCA, supporting

the use of product/substrate ratios as markers of 11β-HSD1 activity.

Next, mice were treated i.p. with 100 mg�kg−1�day−1 of car-

benoxolone for 4 days. carbenoxolone treatment decreased cortisone

to cortisol conversion by approximately 30%, revealing moderate 11β-

HSD1 inhibition (Figure 5a). Interestingly, analysis of mRNA showed a

reduction in Hsd11b1 mRNA expression and a trend for increased

H6pd mRNA (Figure 5b). This was corroborated by similar effects on

H6PD (30% increase) and 11β-HSD1 (50–60% decrease) protein

expression (Figure 5c), suggesting that besides pharmacological inhibi-

tion, a reduced expression contributed to the lower 11β-HSD1 activ-

ity in this model.

Analysis of bile acid profiles revealed that the sum of free pri-

mary bile acids tended to be lower (2.5-fold) in plasma upon car-

benoxolone treatment, whereas taurine-conjugated primary bile

acids seemed to be not affected (Table 4). 7oxoLCA concentrations

were below the lower limit of detection (LLOD) in plasma and liver

tissue samples in this mouse cohort, so the respective product/sub-

strate ratios with UDCA and CDCA could not be calculated. In

plasma of carbenoxolone-treated mice, 7oxoLC-Tau tended to

increase, whilst UDC-Tau and CDC-Tau were not affected by car-

benoxolone (Figure S9). Nevertheless, CDC-Tau/7oxoLC-Tau and

UDC-Tau/7oxoLC-Tau (Figure 5d; see also Figure S9) were 1.6-fold

and twofold lower in plasma of carbenoxolone-treated mice. In

liver tissue, only UDC-Tau/7oxoLC-Tau was predictive for

decreased 11β-HSD1 activity (2.6-fold decreased; Table 4,

Figures 5e and S10).

In contrast to the other three mouse models, the αMCA/βMCA

ratio was unchanged in plasma and even threefold lower in liver tis-

sue; thus, this ratio is not indicative of altered 11β-HSD1 activity.

4 | DISCUSSION

This proof-of-concept study proposes that the UDC-Tau/7oxoLC-Tau

ratio can serve as a biomarker for decreased 11β-HSD1 activity

in vivo. The UDC-Tau/7oxoLC-Tau ratio in plasma and liver tissue suc-

cessfully detected complete loss of 11β-HSD1 activity in 11KO mice,

loss of hepatic 11β-HSD1 activity in 11LKO mice and moderately

decreased oxoreduction activity in H6pdKO- and carbenoxolone-

treated mice. Of note, the four models differed with respect to their

genetic background (11KO, 11LKO and H6pdKO on a mixed

C57BL/6J/129SvJ background, carbenoxolone group were

C57BL/6JRj) that can affect lipid and bile acid homeostasis (Jolley

et al., 1999), feeding regimen (11KO and 11LKO fasted overnight, the

other two models ad libitum feeding; some differences in the composi-

tion of the chow) and environment (different animal facilities) that can

F IGURE 3 Plasma and liver tissue UDCA/7oxoLCA and UDC-Tau/7oxoLC-Tau ratios in 11LKO mice. (a) UDCA/7oxoLCA ratios and
(b) UDC-Tau/7oxoLC-Tau ratios in plasma of 11LKO mice (CTRL n = 17; 11LKO n = 16); (c) UDCA/7oxoLCA ratios and (d) UDC-Tau/7oxoLC-Tau
ratios in liver tissue of 11LKO mice (CTRL n = 17; 11LKO n = 16). Analyte concentrations defined by a S/N ≤ 3 represent the LLOD of the

UHPLC–MS/MS method. Samples yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and fmol�mg−1 for plasma and liver,
respectively) in the calculations of a specific analyte. The results represent mean ± SEM. *P < 0.05 significantly different as indicated; non-
parametric, Mann–Whitney U test (two-tailed). Unequal group sizes reflect exclusion of one 11LKO animal due to unexpected health issues prior
to reaching the age for the experiment
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F IGURE 4 Characterization of 11β-HSD1 expression and activity and plasma and liver tissue UDCA/7oxoLCA and UDC-Tau/7oxoLC-Tau
ratios in H6pdKO mice. (a) Estimation of the cortisone to cortisol conversion in vivo, determined as plasma concentration (nmol�L−1) of cortisol
10 min after i.p. administration of 5 mg�kg−1 of cortisone (in DMSO) (CTRL n = 7; H6pdKO n = 7). (b) mRNA and (c) Western blot and semi-

quantitative analysis of protein levels of H6PD and 11β-HSD1 in CTRL and H6pdKO animals (CTRL n = 20; H6pdKO n = 18). (d) Conversion of
cortisone to cortisol and (e) of cortisol to cortisone determined ex vivo in mouse liver tissue (CTRL n = 8; H6pdKO n = 8). (f) Reduced pyridine
nucleotides content and (g) NADPH content in mouse liver microsomes (relative to the mean of the CTRL; CTRL n = 8; H6pdKO n = 8). (h) UDCA/
7oxoLCA ratios and (i) UDC-Tau/7oxoLC-Tau ratios in plasma of H6pdKO mice (CTRL n = 20; H6pdKO n = 18); (j) UDCA/7oxoLCA ratios and (k)
UDC-Tau/7oxoLC-Tau ratios in liver tissue of H6pdKO mice (CTRL n = 20; H6pdKO n = 18). Analyte concentrations defined by a S/N ≤ 3
represent the LLOD of the UHPLC–MS/MS method. Samples yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and
fmol�mg−1 for plasma and liver, respectively) in the calculations of a specific analyte. Results represent mean ± SEM. *P < 0.05 significantly
different as indicated; non-parametric, Mann–Whitney U test (two-tailed). Unequal group sizes reflect exclusion of two H6pdKO animals from
further analysis due to the occurrence of liver cysts
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impact the microbiome and thereby influence bile acid homeostasis

(Rausch et al., 2016). A biomarker reporting decreased 11β-HSD1

oxoreduction activity in plasma opens the possibility for non-invasive

applications in preclinical studies of pharmacological inhibitors for

potential therapeutic applications; whether it can also be used to

explore the pathophysiological role of 11β-HSD1 in situations of ele-

vated activity remains to be investigated (Gathercole et al., 2013).

Determination of this ratio in liver tissue at the end of the study can

provide additional information.

The plasma UDCA/7oxoLCA ratio was also a marker for

decreased 11β-HSD1 activity. However, because the levels of free

bile acids are lower than those of their taurine-conjugated forms and

were below the LLOD in some mice, this is likely to be less useful

practically than the ratio of the taurine-conjugated metabolites.

Whilst in mice and rats taurine-conjugated bile acids are predominant

and the UDC-Tau/7oxoLC-Tau ratio is easier to assess, the ratio of

the free UDCA/7oxoLCA has the advantage to be species indepen-

dent, as glycine-conjugated bile acids are predominant in human and

other higher mammals (Alnouti et al., 2008; Garcia-Canaveras

et al., 2012; Penno et al., 2014). Improvements of the analytical sensi-

tivity may be achieved by measuring just UDCA and 7oxoLCA, using

larger sample volumes, and optimizing extraction specifically for these

two bile acids, which should permit this ratio to be a good and reliable

species-independent marker.

Although murine 11β-HSD1 converts 7oxoLC-Tau to UDC-Tau

and CDC-Tau (Odermatt et al., 2011), the UDC-Tau/7oxoLC-Tau ratio

was superior to the CDC-Tau/7oxoLC-Tau for detecting decreased

11β-HSD1 activity. A possible explanation may be the significant

TABLE 3 Bile acid profiles in plasma and liver of H6pdKO mice

Analyte

Plasma (nmol�L−1) Liver (fmol�mg−1)

CTRL H6pdKO H6pdKO CTRL H6pdKO

(n = 20) (n = 18) (n = 20) (n = 18)

CA 385 ± 245 214 ± 100 6,174 ± 1,321 4,324 ± 1,460

CDCA 8.8 ± 4.0 8.6 ± 1.5 304 ± 54 280 ± 55

DCA 187 ± 39 113 ± 13* 244 ± 31 166 ± 23

7oxoDCA 142 ± 97 167 ± 88 4,332 ± 1,175 4,555 ± 1,647

HDCA 18.4 ± 5.7 17.5 ± 2.5 350 ± 67 277 ± 39

αMCA 32 ± 16 37 ± 18 2,921 ± 688 2,544 ± 596

βMCA 259 ± 138 54 ± 19* 9,297 ± 1,932 2,652 ± 512*

ωMCA 71 ± 26 43 ± 9 2,154 ± 367 1,087 ± 183

UDCA 45 ± 24 15.4 ± 5.7* 365 ± 57 174 ± 48*

7oxoLCA 12.0 ± 2.4 20 ± 2* 37 ± 13 103 ± 28

αMCA/βMCA 0.12 ± 0.01 0.51 ± 0.06* 0.23 ± 0.02 0.98 ± 0.15*

UDCA/7oxoLCA 5.7 ± 1.8 1.53 ± 0.99* 28 ± 5 5.5 ± 1.9*

CDCA/7oxoLCA 1.38 ± 0.53 0.77 ± 0.39 20 ± 3 10.5 ± 3.5*

C-Tau 5,602 ± 3,712 9,620 ± 8,041 565,130 ± 129,003 394,188 ± 108,185

CDC-Tau 234 ± 133 429 ± 317 28,597 ± 7,271 30,359 ± 7,770

DC-Tau 381 ± 238 565 ± 404 25,629 ± 5,137 19,979 ± 5,696

LC-Tau 4.7 ± 3.9 12.2 ± 10.7 947 ± 67 997 ± 114

αMCA-Tau + βMCA-Tau 1,247 ± 877 854 ± 733 354,892 ± 80,362 193,231 ± 45,864

ωMCA-Tau 2,436 ± 1,627 2,974 ± 2,355 151,216 ± 38,734 80,001 ± 14,690

UDC-Tau 228 ± 161 293 ± 244 22,609 ± 5,964 9,885 ± 2,777*

7oxoLC-Tau 72 ± 46 651 ± 569 5,541 ± 1,045 22,711 ± 6,325

UDC-Tau/7oxoLC-Tau 1.91 ± 0.23 0.83 ± 0.06* 4.1 ± 0.4 0.80 ± 0.18*

CDC-Tau/7oxoLC-Tau 3.03 ± 0.32 1.70 ± 0.10* 5.0 ± 0.5 1.75 ± 0.24*

Sum primary BA 730 ± 426 333 ± 142 19,060 ± 3,852 9,975 ± 2,444

Sum primary BA-Tau 14,127 ± 9,474 22,922 ± 19,167 971,227 ± 220,934 627,664 ± 162,026

Note: The results represent mean ± SEM (nmol�L−1 and fmol�mg−1 for plasma and liver, respectively). Analyte concentrations defined by a S/N ≤ 3

represent the LLOD of the UHPLC–MS/MS method. Samples yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and fmol�mg−1,

respectively) in the calculations of a specific analyte. Blue- and yellow-coloured boxes indicate statistically significant increases and decreases, respectively.

Unequal group sizes reflect exclusion of two H6pdKO animals from further analysis due to the occurrence of liver cysts.

Abbreviations: CTRL, control littermates; H6pdKO, global H6pd knockout.

*P < 0.05, significantly different as indicated; non-parametric, Mann–Whitney U test (two-tailed).
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contribution of de novo CDCA synthesis to the circulating and liver

tissue levels of CDC-Tau, whereas UDC-Tau and 7oxoLC-Tau are pri-

marily formed from gut microbiota-derived UDCA and 7oxoLCA.

Interestingly, an increase in the ratio of αMCA/βMCA, formed by

cytochrome P450 2C70 from CDCA and UDCA, respectively

(Takahashi et al., 2016), nicely detected the decreased 11β-HSD1

activity in the three genetically modified mouse models. However, in

carbenoxolone-treated mice, this ratio was not changed in plasma and

showed an opposite change in liver. Plausibly, carbenoxolone inhibits

cytochrome P450 2C70 or decreases its expression. Carbenoxolone

might also affect gut microbiota as it was earlier shown to alter

colonic mucus (Finnie et al., 1996). This merits future investigation.

Pharmacological treatment using carbenoxolone led to approxi-

mately 30% decreased 11β-HSD1 activity. It needs to be noted that

the level of 11β-HSD1 inhibition is an estimation and it was deter-

mined at one given time point (i.e., at about 8 am) and the formation

of cortisol upon injection of cortisone was determined after 10 min.

Nevertheless, inhibition of 11β-HSD1 could be demonstrated and the

bile acid biomarker detected the decreased activity. The results

suggested that besides direct inhibition, a reduced enzyme expression

contributed to the decreased activity. carbenoxolone also inhibits

11β-HSD2 (Stewart et al., 1990). However, our preliminary observa-

tions suggest that this enzyme does not accept CDCA and UDCA as

substrates, therefore unlikely affecting the bile acid ratios of interest.

F IGURE 5 Characterization of 11β-HSD1 expression and activity and plasma and liver tissue UDC-Tau/7oxoLC-Tau ratios in carbenoxolone-
treated mice. Control mice were treated with the pharmacologic 11β-HSD1 inhibitor carbenoxolone (CBX, 100 mg�kg−1�day−1, i.p.) or PBS (CTRL).
(a) Conversion of cortisone to cortisol in vivo, measured after i.p. administration of 5 mg�kg−1 of cortisone (in DMSO) (CTRL n = 7; CBX n = 5). (b)

mRNA expression of H6pd and Hsd11b1 in CTRL- and CBX-treated animals (CTRL n = 8; CBX n = 9). (c) Western blot and semi-quantitative
analysis of protein levels of H6PD and 11β-HSD1 in CTRL- and CBX-treated mice (CTRL n = 8; CBX n = 8). (d) UDC-Tau/7oxoLC-Tau ratios in
CTRL mice treated with PBS (CTRL) or the pharmacologic 11β-HSD1 inhibitor carbenoxolone (CBX 100 mg�kg−1�day−1, i.p.) (CTRL n = 8; CBX
n = 9) in plasma and (e) in liver tissue. Analyte concentrations defined by a S/N ≤ 3 represent the LLOD of the UHPLC–MS/MS method. Samples
yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and fmol�mg−1 for plasma and liver, respectively) in the calculations of
a specific analyte. Results represent mean ± SEM. No outliers were excluded. *P < 0.05 significantly different as indicated; non-parametric,
Mann–Whitney U test (two-tailed). Unequal group sizes reflect exclusion of one animal of the CTRL group due to unexpected health issues prior
to the experiment and exclusion of two plasma samples of the CBX group due to insufficient collection of blood sample volume
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H6pdKO mice retained approximately 50% of 11β-HSD1

oxoreduction activity measured in control animals. This is consistent

with observations made in isolated macrophage from H6pdKO mice,

which also retained about 50–60% 11β-HSD1 oxoreduction activity

(Marbet et al., 2018). Based on earlier experiments using liver micro-

somes (Lavery et al., 2006), it was anticipated that in the absence of

H6PD, 11β-HSD1 would function exclusively as dehydrogenase and

the effect on the respective bile acid ratios would be comparable with

that in 11KO mice, yet the accumulation of 7oxo metabolites and the

ratios derived from them clearly were less pronounced. These findings

indicate the existence of a yet unknown mechanism generating

NADPH in the ER capable of driving 11β-HSD1 reaction direction

towards oxoreduction activity. This is supported by the continued

presence of NADPH in the H6pdKO liver, albeit at reduced levels,

seen previously (Rogoff et al., 2010) and also found here. A possible

candidate for generating NADPH within the ER includes luminal

6-phosphogluconate dehydrogenase (Bublitz et al., 1987). However,

the gene encoding this enzyme still remains to be identified.

The mild cholestasis phenotype of 11KO mice with 10-fold to

20-fold increased plasma bile acids (Table 1, Penno et al., 2014) raises

some concerns that pharmacological 11β-HSD1 inhibition might

induce cholestasis. In paediatric patients with adrenal insufficiency

TABLE 4 Bile acid profiles in plasma and liver in mice with decreased 11β-HSD1 oxoreduction activity by pharmacologic inhibition using
carbenoxolone

Analyte

Plasma (nmol�L−1) Liver (fmol�mg−1)

CTRL CBX CTRL CBX

(n = 8) (n = 7) (n = 8) (n = 9)

CA 1,000 ± 795 408 ± 275 513 ± 84 329 ± 71

CDCA 145 ± 120 11.0 ± 2.3 242 ± 17 114 ± 45

DCA 592 ± 245 169 ± 62* 186 ± 15 61 ± 21*

7oxoDCA 237 ± 178 281 ± 212 46 ± 17 88 ± 50

HDCA 146 ± 90 26 ± 12 224 ± 17 113 ± 34*

αMCA 162 ± 110 42 ± 17 288 ± 33 129 ± 42*

βMCA 659 ± 481 318 ± 179 1,608 ± 136 4,409 ± 1,557

ωMCA 238 ± 134 47 ± 25 306 ± 25 580 ± 183

UDCA 226 ± 126 39 ± 18* 99 ± 14 17.8 ± 6.2*

7oxoLCA NA NA NA NA

αMCA/βMCA 0.24 ± 0.05 0.28 ± 0.15 0.18 ± 0.02 0.06 ± 0.02*

UDCA/7oxoLCA NA NA NA NA

CDCA/7oxoLCA NA NA NA NA

C-Tau 7,002 ± 4,900 9,530 ± 6,466 63,049 ± 11,354 48,334 ± 9,673

CDC-Tau 339 ± 223 265 ± 175 5,274 ± 533 3,975 ± 857

DC-Tau 348 ± 275 222 ± 124 6,723 ± 719 2,114 ± 766*

LC-Tau 8.8 ± 5.6 2.01 ± 1.22 1,271 ± 127 541 ± 81*

αMCA-Tau + βMCA-Tau 1,876 ± 1,853 1,383 ± 943 55,442 ± 6,370 63,438 ± 12,465

ωMCA-Tau 3,124 ± 1,998 12,920 ± 11,548 25,304 ± 3,379 32,334 ± 8,484

UDC-Tau 296 ± 221 332 ± 251 4,071 ± 501 1,125 ± 174*

7oxoLC-Tau 84 ± 56 125 ± 94 836 ± 178 760 ± 209

UDC-Tau/7oxoLC-Tau 5.2 ± 0.7 2.6 ± 0.5* 5.7 ± 0.6 2.2 ± 0.5*

CDC-Tau/7oxoLC-Tau 2.6 ± 0.4 1.60 ± 0.38* 7.7 ± 1.0 6.2 ± 1.0

Sum primary BA 2,192 ± 1,630 818 ± 483 2,463 ± 192 4,869 ± 1,611

Sum primary BA-Tau 9,513 ± 7,033 11,511 ± 7,034 127,836 ± 17,002 116,873 ± 15,450

Note: The results represent mean ± SEM (nmol�L−1 and fmol�mg−1 for plasma and liver, respectively). Analyte concentrations defined by a S/N ≤ 3

represent the LLOD of the UHPLC–MS/MS method. Samples yielding a concentration below LLOD were included as LLOD/2 (nmol�L−1 and fmol�mg−1,

respectively) in the calculations of a specific analyte. Yellow-coloured boxes indicate statistically significant decreases. Unequal group sizes reflect

exclusion of one animal of the CTRL group due to unexpected health issues prior to the experiment and exclusion of two plasma samples of the

carbenoxolone (CBX group due to insufficient collection of blood sample volume.

Abbreviations: CBX, mice treated with the pharmacologic 11β-HSD1 inhibitor carbenoxolone (100 mg�kg−1�day−1, i.p.); CTRL, control mice treated with

PBS; NA, not analysed, if most values were below LLOD.

*P < 0.05, significantly different as indicated; non-parametric, Mann–Whitney U test (two-tailed).
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and cholestasis, glucocorticoid treatment reversed the hepatic pheno-

type (Al-Hussaini et al., 2012; Cheung et al., 2003), indicating a direct

role of glucocorticoids in maintaining bile acid homeostasis. However,

no evidence for cholestasis was seen in the present study when

11β-HSD1 was inhibited by carbenoxolone and there was only a trend

increase of total free but not conjugated bile acids in 11LKO mice and

no change of total bile acids in H6pdKO mice. These observations do

not support concerns of a general risk of cholestasis upon inhibition

of 11β-HSD1. The more pronounced effect on plasma and liver tissue

bile acid profiles in 11KO mice may be explained by the fact that they

lack 11β-HSD1 during all stages of life and throughout the enter-

ohepatic circuit and also by altered hypothalamus–pituitary–adrenal

axis, whereas 11LKO only lack hepatic 11β-HSD1, and H6pdKO- and

carbenoxolone-treated mice retain partial 11β-HSD1 activity.

A suitable biomarker reporting the in vivo 11β-HSD1 activity in

health and disease situations or upon pharmacological interventions

could greatly facilitate such studies. The currently used urinary

(tetrahydrocorticosterone + allo-tetrahydrocorticosterone)/tetra-

hydro-11-dehydrocorticosterone ratio has limited value as it can lead

to erroneous conclusions because of interference through altered

11β-HSD2 and 5α-reductase activities and feedback modulation. Fur-

thermore, it needs 24-h urine sampling that due to small collection

volume and contamination by food and faeces and the stress of meta-

bolic cage housing may lead to erroneous results.

Although our data support the UDC-Tau/7oxoLC-Tau ratio as a

useful in vivo marker of 11β-HSD1 activity, our study has several limita-

tions:- (1) the present study included only male mice at 10–15 weeks of

age and it will be important to study also mice at both young and very

old age that may exhibit metabolic differences as well as female mice,

being mindful of the effect of the oestrous cycle on bile acid homeosta-

sis (Papacleovoulou et al., 2011); (2) the impact of feeding and diet

should be studied; (3) samples were taken in the morning between

7 and 10 am and the influence of circadian rhythm and/or stress should

be assessed; (4) in case of pharmacological inhibition, a possible interfer-

ence of the compound with hepatic enzymes and transporters that also

are involved in bile acid homeostasis needs to be kept in mind; (5) the

impact of the microbiome on the production of UDCA and 7oxoLCA

needs to be investigated; it has been shown that 11β-HSD1 deficiency

alters the microbiome in a diet-specific manner (Johnson et al., 2017);

(6) disease models with altered 11β-HSD1 activity should be studied

and (7) the sensitivity of the LC–MS/MS-based quantification method

can be increased by measuring specifically the bile acid metabolites

needed for the ratio and by increasing sample volume and optimizing

extraction. In follow-on research, the predictivity of the UDC-

Tau/7oxoLC-Tau ratio for detecting altered 11β-HSD1 activity should

be investigated in mouse models addressing the abovementioned fac-

tors. Finally, experiments in humans are required to establish whether

such a bile acid ratio is a useful biomarker to detect altered 11β-HSD1

activity upon pharmacological treatment or in disease situations.
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Abstract: Bile acids control lipid homeostasis by regulating uptake from food and excretion.
Additionally, bile acids are bioactive molecules acting through receptors and modulating various
physiological processes. Impaired bile acid homeostasis is associated with several diseases and
drug-induced liver injury. Individual bile acids may serve as disease and drug toxicity biomarkers,
with a great demand for improved bile acid quantification methods. We developed, optimized,
and validated an LC-MS/MS method for quantification of 36 bile acids in serum, plasma, and liver
tissue samples. The simultaneous quantification of important free and taurine- and glycine-conjugated
bile acids of human and rodent species has been achieved using a simple workflow. The method
was applied to a mouse model of statin-induced myotoxicity to assess a possible role of bile acids.
Treatment of mice for three weeks with 5, 10, and 25 mg/kg/d simvastatin, causing adverse skeletal
muscle effects, did not alter plasma and liver tissue bile acid profiles, indicating that bile acids
are not involved in statin-induced myotoxicity. In conclusion, the established LC-MS/MS method
enables uncomplicated sample preparation and quantification of key bile acids in serum, plasma,
and liver tissue of human and rodent species to facilitate future studies of disease mechanisms and
drug-induced liver injury.

Keywords: bile acid; LC-MS; statin myotoxicity; biomarker; adverse drug effect; disease

1. Introduction

Bile acids are important for the digestion and absorption of lipids and fat-soluble vitamins in
the intestine but also for the regulation of cholesterol homeostasis in the liver. Besides, they are
bioactive molecules signaling through receptors such as farnesoid X receptor, pregnane X receptor,
vitamin D receptor, sphingosine-1-phosphate receptor 2, and G protein-coupled bile acid receptor 1
in order to modulate lipid and glucose homeostasis, with relevance to cardio-metabolic disease and
cancer [1,2]. Several individual bile acids are considered biomarkers of disease or drug-induced liver
injury (DILI) [3–5] and improved quantification methods are therefore needed.

Bile acids are steroidal C24 carboxylic acids, synthesized in the liver from cholesterol. In humans,
the two primary bile acids cholic acid (CA) and chenodeoxycholic acid (CDCA) are synthesized
in hepatocytes by the classical and alternative pathway, respectively [6,7] (Figure 1). In rats and
mice, the primary bile acids consist mainly of CA and the muricholic acid (MCA) metabolites αMCA
and βMCA that are derived by cytochrome P450 (CYP) 2C70 from CDCA and ursodeoxycholic acid
(UDCA), respectively [8]. In guinea pigs, 7-oxolithocholic acid (7oxoLCA) is a major primary bile acid,
in contrast to human, rat, and mouse where it is a secondary bile acid and only found at low levels under
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healthy conditions [9]. The newly synthesized bile acids are conjugated on the side chain to mainly
glycine in humans and taurine in rodents, and to a lesser extent on the steroid nucleus to sulfate and
glucuronide, followed by excretion mainly through the bile [6,7]. In the intestine, the primary bile acids
undergo modifications by intestinal bacteria through deconjugation, dihydroxylation, epimerization,
and oxidation, resulting in secondary bile acids including lithocholic acid (LCA), deoxycholic acid
(DCA), and their 7-oxo forms, as well as UDCA [10,11]. Secondary bile acids also undergo conjugation
to taurine and glycine in the liver and intestine. Due to the function of the steroid 5β-reductase
(aldo–keto reductase (AKR)1D1) all major bile acids are 5β-reduced. However, some bile acids escape
AKR1D1 metabolism, leading to allo-bile acids with a α- rather than β-oriented hydrogen at C5 [10,12].
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An efficient bile acid transport by hepatocytes and terminal ileal enterocytes mediates recycling of
bile acids by the enterohepatic circulation [13,14]. This is a highly efficient process and only about 5%
of total bile acids are lost via excretion through the feces. The excreted amount is replenished by de
novo synthesis to preserve a constant bile acid pool [15]. Disruption of bile acid transport, for example
by inhibition of hepatic mitochondrial function of bile acid export proteins such as a bile salt export
pump (BSEP), can cause cholestasis with accumulation of bile acids in hepatocytes and then provoke
liver injury due to their detergent-like effects [16,17]. Cholestasis also results in increased circulating
bile acid levels with distinct alterations in individual bile acid metabolites [2,5,18,19].

An increase in circulating total bile acids is an accepted biomarker of hepatobiliary impairment
and disease [17,20]. However, the hydrophobic LCA and DCA are considered the most cytotoxic
bile acids [17], and their accumulation causes impairments in hepatocytes such as mitochondrial
dysfunction, oxidative stress, endoplasmic reticulum stress, and damage and disruption of cell
membranes leading to apoptosis and necrosis [20,21]. A recent study observed that the ratio of taurine-
and glycine-conjugated CA and CDCA over their free forms were better predictors of DILI due to
inhibited mitochondrial function and BSEP transport than total bile acids [22]. Thus, the measurement
of individual bile acids can provide important mechanistic understanding. Bile acids can also serve
as functional biomarkers providing information on deficiencies of specific enzymes involved in the
metabolism of bile acids [23–26]. The development and validation of methods for targeted quantification
of bile acids are essential to understand their mechanisms of action in vivo. Moreover, the diagnosis of
rare diseases related to cholesterol biosynthesis and metabolism as well as for the detection of DILI can
be accomplished by the determination of bile acid profiles in body fluids.

Over the last decade, several methods using different platforms, including liquid
chromatography-tandem mass spectrometry (LC-MS/MS) based methods, have been reported for
bile acid separation, detection, and quantification [27–36]. The simultaneous analysis of bile acids in
biological samples such as serum, plasma, and liver biopsies is challenging because of their structural
similarities and limits of detection. Most of the developed methods exert some disadvantages, mainly
caused by a series of laborious sample preparation steps, limited sensitivity of detection, or a lack of
specificity due to insufficient chromatographic baseline separation of isobaric bile acids. Accordingly,
highly sensitive and specific methods to quantify bile acids in biological samples are needed.

The present study aimed to develop and validate a highly sensitive and specific method for the
rapid and simultaneous quantification of a number of bile acids by LC-MS/MS. Compared to previously
reported methods, the first goal was to achieve an improvement of the method in terms of simplicity,
metabolic coverage by including free and conjugated metabolites, and applicability for different
matrices and species. A second goal included the validation of the method using real samples. For this
purpose, the developed method was applied to quantify bile acid profiles in plasma and liver tissue
samples from mice treated for three weeks with increasing doses of the 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor simvastatin. Although statins are in general well tolerated
in patients, they can lead mainly to skeletal muscle side effects. The clinical manifestations start
from myalgia, myopathy to potentially fatal rhabdomyolysis in rare cases [37,38]. These adverse
skeletal muscle effects were observed at the doses used in this study [39–41]. Therefore, we assessed
whether inhibition of de novo cholesterol formation [38,42] and the production of intermediates of
cholesterol synthesis such as ubiquinone (CoQ10) and dolichols [38] by simvastatin might disrupt bile
acid homeostasis and contribute to myotoxicity.
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2. Results and Discussion

2.1. Establishment of the LC-MS/MS Method for Quantification of Bile Acids

The present study employed LC-MS/MS for the direct detection and quantification of 36 different
free, taurine- and glycine-conjugated bile acids in serum, plasma, and liver tissue. These analytes
include important bile acids of human (free and mainly glycine-conjugated) and rodents (free and
mainly taurine-conjugated) but also some additional bile acids found in guinea-pig (7oxoLCA and its
conjugated forms) and such being relevant with regard to activities of specific enzymes (7oxoLCA,
allo-bile acids, and their conjugated forms) [9–12]. In order to select the best transitions for the
identification and confirmation of each bile acid included in the method, individual working standard
solutions were applied to the optimizer compound software. The best collision energy was obtained
for each multiple reaction monitoring (MRM) transition. Both positive and negative ionization modes
were carried out. For each bile acid, the transition with the highest sensitivity was chosen as a quantifier
(Table 1) and at least one other transition was selected as a qualifier for each compound. LC gradient
elution pattern was optimized in order to achieve baseline separation for all compounds. Different
column temperatures and flow rates were tested and the parameters resulting in better separation
were selected (see section LC-MS/MS instrumental conditions). Retention times are listed in Table 1.
MS parameters such as desolvation gas flow, sheath gas flow, nebulizer pressure, capillary voltage,
and nozzle voltage were chosen using the optimizer software of the instrument. Optimal parameters
are described in the materials and methods section.

The current method contains multiple improvements compared to previously published
methods [27–35]. One of the main advantages is the incremented metabolic coverage including
free and conjugated bile acids, as well as allo-bile acids and 7-oxo metabolites [27–29,31,32,34,35].
A better baseline chromatographic separation of the isobaric metabolites was achieved [23,29–31,33,35].
Furthermore, lower values for limit of detection (LOD) and limit of quantification (LOQ) were observed
for most of the metabolites analyzed in the present study (Tables 1 and 2) [28,31,34,35], despite using a
lower injection volume into the LC-MS/MS system [27,28,30,31,33–35]. The amount of sample material
required was lower compared to similar reported methods [27,28,30–35], which represents a great
advantage for studies using rodent models where usually limited sample volume is available.
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Table 1. Method characteristics and validation parameters for the quantification of bile acids in serum and plasma by LC-MS/MS. Abbreviations: CE: collision energy;
RT: retention time; R2: linearity; LOD: limit of detection; LOQ: limit of quantitation; LC: low concentration; MC: medium concentration; HC: high concentration,
ND: not detected.

Compound Abbreviation Transition ESI CE (V) RT (min) r2
LOD

(ng/mL)
LOQ

(ng/mL)

Plasma Extraction Recovery Stability at 4 ◦C *

LC (n = 6) MC (n = 6) HC (n = 6)
Plasma

Calibration
Curve (%)

Plasma
Sample

(%)

Cholic Acid CA 373.3 > 355.2 + 8 9.81 0.999 0.45 1.36 111 ± 4 78 ± 6 83 ± 6 2.3 2.7

Chenodeoxycholic acid CDCA 357.2 > 104.9 + 50 13.76 0.997 0.03 0.09 104 ± 7 81 ± 5 80 ± 6 0.3 0.5

ω-muricholic acid ωMCA 373.3 > 159.1 + 20 6.29 0.999 0.01 0.02 113 ± 12 77 ± 6 85 ± 7 0.7 0.1

α-muricholic acid αMCA 373.3 > 355.2 + 15 6.50 0.992 0.17 0.52 98 ± 11 76 ± 5 86 ± 10 1.1 2

β-muricholic acid βMCA 391.3 > 355.2 + 16 6.85 0.997 0.10 0.30 94 ± 15 75 ± 4 83 ± 6 0.4 1.9

γ-muricholic acid γMCA 373.3 > 355 + 10 8.14 0.991 0.29 0.86 87 ± 3 79 ± 6 85 ± 6 0.3 ND

Ursodeoxycholic acid UDCA 357.2 > 95 + 35 9.92 0.997 0.04 0.12 94 ± 11 86 ± 4 86 ± 5 0.5 ND

Hyodeoxycholic acid HDCA 357.2 > 95.1 + 40 10.34 0.994 0.41 1.23 85 ± 22 84 ± 4 88 ± 5 0.1 3.5

Deoxycholic acid DCA 391.3 > 345 - 36 14.14 0.991 0.11 0.33 135 ± 9 80 ± 5 84 ± 5 1.2 3.9

Lithocholic acid LCA 359.3 > 135.1 + 24 17.19 0.997 0.48 1.46 <LOD 66 ± 6 82 ± 5 1.2 ND

3-oxo-lithocholic acid 3oxoLCA 357.3 > 80.9 + 48 17.43 0.992 0.67 2.02 <LOD 82 ± 5 85 ± 7 3 ND

7-oxolithocholic acid 7oxoLCA 373.3 > 355.1 + 35 11.80 0.995 0.82 2.49 75 ± 15 72 ± 4 83 ± 6 1.4 ND

6,7-dioxo-lithocholic acid 6,7dioxoLCA 405.3 > 351.1 + 32 11.71 0.998 0.08 0.24 <LOD 1 ± 0.3 1 ± 0.2 0.7 ND

12-oxo-lithocholic acid 12oxoLCA 391.3 > 145.1 + 12 12.25 0.998 0.68 2.07 112 ± 13 68 ± 4 81 ± 5 2.5 0.4

7-oxo-deoxycholic acid 7oxoDCA 371.3 > 353.2 + 8 6.81 0.990 0.44 1.34 111 ± 15 83 ± 7 85 ± 8 2.3 2.6

Allo-cholic acid Allo-CA 373.3 > 355.2 + 12 9.44 0.998 0.06 0.19 90 ± 9 77 ± 5 83 ± 6 0.3 1.7

Allo-deoxycholic acid Allo-DCA 391.3 > 345 - 36 13.91 0.990 0.14 0.41 100 ± 12 64 ± 6 87 ± 6 0.7 5.9

Allo-3β-deoxycholic acid Allo-3βDCA 391.3 > 345.1 - 40 10.10 0.992 0.51 1.53 86 ± 7 81 ± 5 83 ± 6 0.7 2.9

Allo-12β-deoxycholic acid Allo-12βDCA 391.3 > 345.1 - 36 11.94 0.994 0.09 0.28 <LOD 80 ± 7 90 ± 6 0.2 ND

Allo-3β-lithocholic acid Allo-3βLCA 359.3 > 135.1 + 25 15.56 0.987 0.75 2.26 <LOD 54 ± 5 82 ± 4 1.6 ND

Allo-lithocholic acid Allo-LCA 359.3 > 135.1 + 25 17.08 0.995 0.45 1.37 <LOD 87 ± 4 91 ± 7 3.5 ND

Tauro-cholic acid TCA 480.3 > 461.9 + 8 5.45 0.999 0.12 0.38 136 ± 15 82 ± 5 83 ± 5 0.3 2.4

Tauro-chenodeoxycholic acid TCDCA 464.2 > 126 + 28 7.91 0.998 0.05 0.14 109 ± 8 80 ± 5 80 ± 6 0.1 2.4

Tauro-ω-muricholic acid TωMCA 480.3 > 126 + 24 2.82 0.996 0.06 0.17 128 ± 21 77 ± 5 82 ± 5 0.1 2.7
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Table 1. Cont.

Compound Abbreviation Transition ESI CE (V) RT (min) r2
LOD

(ng/mL)
LOQ

(ng/mL)

Plasma Extraction Recovery Stability at 4 ◦C *

LC (n = 6) MC (n = 6) HC (n = 6)
Plasma

Calibration
Curve (%)

Plasma
Sample

(%)

Tauro-α-muricholic acid TαMCA 480.3 > 126 + 24 3.07 0.996 0.06 0.17 129 ± 15 79 ± 6 81 ± 5 0.5 2.6

Tauro-β-muricholic acid TβMCA 480.3> 126 + 24 3.30 0.998 0.04 0.11 131 ± 16 77 ± 4 78 ± 6 0.4 0.8

Tauro-ursodeoxycholic acid TUDCA 464.2 > 126 + 28 5.20 0.995 0.03 0.10 105 ± 15 80 ± 5 83 ± 6 0.1 0.1

Tauro-deoxycholic acid TDCA 498.2 > 124.2 - 45 8.79 0.995 0.05 0.14 117 ± 3 80 ± 8 85 ± 3 0.4 0.8

Tauro-7-oxolithocholic acid T7oxoLCA 480.3 > 126 + 24 5.84 0.996 0.05 0.15 89 ± 5 78 ± 4 83 ± 6 0.5 ND

Tauro-lithocholic acid TLCA 482.2 > 80 - 56 13.11 0.995 0.08 0.25 107 ± 5 70 ± 5 82 ± 5 0.9 ND

Glyco-cholic acid GCA 464.4 >74 - 37 6.63 0.998 0.02 0.05 85 ± 5 81 ± 5 84 ± 6 0.4 2.8

Glyco-chenodeoxycholic acid GCDCA 448.2 > 74 - 30 10.58 0.994 0.02 0.08 98 ± 5 82 ± 5 86 ± 6 0.8 0.5

Glyco-ursodeoxycholic acid GUDCA 448.2 > 74 - 37 6.43 0.998 0.02 0.06 99 ± 12 80 ± 4 85 ± 6 0.3 3.4

Glyco-deoxycholic acid GDCA 448.2 > 74 - 30 11.43 0.998 0.011 0.033 97 ± 9 81 ± 4 87 ± 6 0.4 ND

Glyco-lithocholic acid GLCA 432.2 > 74 - 41 14.59 0.995 1.18 3.58 103 ± 13 70 ± 4 78 ± 5 0.1 ND

Glyco-7-oxo-lithocholic acid G7oxoLCA 446.2 > 74 - 37 7.63 0.998 0.05 0.16 84 ± 12 79 ± 5 83 ± 6 1.7 ND

* Percentage of variation from the first to the second injection after one week at 4 ◦C.
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Table 2. Method characteristics and validation parameters for the quantification bile acids in liver tissue by LC-MS/MS. Abbreviations: CE: collision energy;
RT: retention time; R2: linearity; LOD: limit of detection; LOQ: limit of quantitation; LC: low concentration; MC: medium concentration; HC: high concentration,
ND: not detected.

Compound Abbreviation Transition ESI CE (V) RT (min) r2
LOD

(ng/mL)
LOQ

(ng/mL)

Liver Extraction Recovery Stability at 4 ◦C *

LC (n = 6) MC (n = 6) HC (n = 6)
Liver

Calibration
Curve (%)

Liver
Sample

(%)

Cholic Acid CA 373.3 > 355.2 + 8 9.81 0.999 0.60 1.81 103 ± 3 93 ± 4 104 ± 9 0.3 3.6

Chenodeoxycholic acid CDCA 357.2 > 104.9 + 50 13.76 0.991 1.46 4.41 <LOD 84 ± 8 97 ± 5 0.5 0.4

ω-muricholic acid ωMCA 373.3 > 159.1 + 20 6.29 0.998 0.06 0.18 105 ± 6 83 ± 5 101 ± 5 0.8 3.3

α-muricholic acid αMCA 373.3 > 355.2 + 15 6.50 0.999 0.04 0.13 95 ± 10 87 ± 4 98 ± 3 0.5 2.3

β-muricholic acid βMCA 391.3 > 355.2 + 16 6.85 0.994 0.32 0.97 101 ± 9 85 ± 5 103 ± 7 0 3.6

γ-muricholic acid γMCA 373.3 > 355 + 10 8.14 0.997 0.58 1.76 87 ± 6 93 ± 4 96 ± 4 0.2 ND

Ursodeoxycholic acid UDCA 357.2 > 95 + 35 9.92 0.995 0.10 0.30 <LOD 94 ± 10 105 ± 9 3.1 6.2

Hyodeoxycholic acid HDCA 357.2 > 95.1 + 40 10.34 0.998 0.58 1.74 <LOD 92 ± 6 95 ± 6 0.5 2.6

Deoxycholic acid DCA 391.3 > 345 - 36 14.14 0.996 0.64 1.94 88 ± 14 80 ± 6 96 ± 9 0.1 1.5

Lithocholic acid LCA 359.3 > 135.1 + 24 17.19 0.979 1.20 3.64 <LOD 83 ± 5 105 ± 5 0.4 ND

3-oxo-lithocholic acid 3oxoLCA 357.3 > 80.9 + 48 17.43 0.994 0.70 2.13 <LOD 89 ± 26 104 ± 10 0.5 ND

7-oxolithocholic acid 7oxoLCA 373.3 > 355.1 + 35 11.80 0.998 1.07 3.26 <LOD 96 ± 4 106 ± 11 0.7 ND

12-oxo-lithocholic acid 12oxoLCA 391.3 > 145.1 + 32 12.25 0.999 2.55 7.72 99 ± 10 89 ± 4 99 ± 9 0.9 0.1

6,7-dioxo-lithocholic acid 6,7dioxoLCA 405.3 > 351.1 + 12 11.71 0.999 6.19 18.76 100 ± 10 86 ± 4 103 ± 9 3.1 ND

7-oxo-deoxycholic acid 7oxoDCA 371.3 > 353.2 + 8 6.81 0.995 0.038 0.115 92 ± 6 95 ± 10 116 ± 9 1 1.8

Allo-cholic acid Allo-CA 373.3 > 355.2 + 12 9.44 0.998 0.14 0.41 88 ± 4 95 ± 4 105 ± 7 1.8 0.7

Allo-deoxycholic acid Allo-DCA 391.3 > 345 - 36 13.91 0.995 0.41 1.23 93 ± 7 93 ± 5 90 ± 6 0.9 ND

Allo-3β-deoxycholic acid Allo-3βDCA 391.3 > 345.1 - 40 10.10 0.999 0.36 1.08 92 ± 6 89 ± 4 97 ± 7 0.1 ND

Allo-12β-deoxycholic acid Allo-12βDCA 391.3 > 345.1 - 36 11.94 0.991 0.03 0.10 <LOD 99 ± 15 97 ± 9 0.6 ND

Allo-3β-lithocholic acid Allo-3βLCA 359.3 > 135.1 + 25 15.56 0.995 0.45 1.36 <LOD 104 ± 3 98 ± 4 1.3 2.4

Allo-lithocholic acid Allo-LCA 359.3 > 135.1 + 25 17.08 0.997 0.17 0.52 <LOD 91 ± 10 84 ± 8 2.4 ND

Tauro-cholic acid TCA 480.3 > 461.9 + 8 5.45 0.998 0.30 0.89 137 ± 10 88 ± 5 96 ± 5 0.5 3.9

Tauro-chenodeoxycholic acid TCDCA 464.2 > 126 + 28 7.91 0.992 0.52 1.56 103 ± 15 84 ± 5 108 ± 7 0.6 0.3

Tauro-ω-muricholic acid TωMCA 480.3 > 126 + 24 2.82 0.998 0.149 0.452 143 ± 17 95 ± 6 108 ± 5 0.6 0.9
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Table 2. Cont.

Compound Abbreviation Transition ESI CE (V) RT (min) r2
LOD

(ng/mL)
LOQ

(ng/mL)

Liver Extraction Recovery Stability at 4 ◦C *

LC (n = 6) MC (n = 6) HC (n = 6)
Liver

Calibration
Curve (%)

Liver
Sample

(%)

Tauro-α-muricholic acid TαMCA 480.3 > 126 + 24 3.07 0.999 0.10 0.30 127 ± 8 94 ± 6 106 ± 4 1 1.9

Tauro-β-muricholic acid TβMCA 480.3> 126 + 24 3.30 0.999 0.09 0.27 189 ± 29 91 ± 7 108 ± 7 0 0.6

Tauro-ursodeoxycholic acid TUDCA 464.2 > 126 + 28 5.20 0.993 0.45 1.35 104 ± 10 92 ± 6 101 ± 10 0.2 1.5

Tauro-deoxycholic acid TDCA 498.2 > 124.2 - 45 8.79 0.991 0.82 2.48 78 ± 10 95 ± 8 107 ± 8 0.8 3.5

Tauro-7-oxolithocholic acid T7oxoLCA 480.3 > 126 + 24 5.84 0.998 0.18 0.55 98 ± 6 87 ± 6 105 ± 5 0.2 4.5

Tauro-lithocholic acid TLCA 482.2 > 80 - 56 13.11 0.986 7.21 21.86 99 ± 9 93 ± 6 91 ± 5 0.2 1.2

Glyco-cholic acid GCA 464.4 >74 - 37 6.63 0.997 0.11 0.34 103 ± 3 90 ± 4 103 ± 3 0.5 1.4

Glyco-chenodeoxycholic acid GCDCA 448.2 > 74 - 30 10.58 0.996 0.05 0.16 100 ± 2 93 ± 3 99 ± 6 2.4 1

Glyco-ursodeoxycholic acid GUDCA 448.2 > 74 - 37 6.43 0.999 0.03 0.09 102 ± 6 91 ± 7 103 ± 6 2.7 1.2

Glyco-deoxycholic acid GDCA 448.2 > 74 - 30 11.43 0.993 0.057 0.172 95 ± 3 89 ± 6 101 ± 4 0.5 ND

Glyco-lithocholic acid GLCA 432.2 > 74 - 41 14.59 0.992 0.13 0.40 87 ± 5 94 ± 5 93 ± 5 3 ND

Glyco-7-oxo-lithocholic acid G7oxoLCA 446.2 > 74 - 37 7.63 0.999 0.06 0.19 88 ± 4 91 ± 4 96 ± 3 0.4 ND

* Percentage of variation from the first to the second injection after one week at 4 ◦C.
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2.2. Method Validation

The method was then validated following the recommendations for bioanalytical method
validation [43] (Tables 1 and 2) and confirmed to be selective and specific. Specifically, the absence of
interfering substances at the retention times of the compounds of interest and internal standards were
verified in charcoal-stripped plasma and charcoal-stripped serum.

LOD and LOQ were determined for all compounds for both extraction protocols. Using the
extraction protocol for plasma and serum samples, the LOD ranged from 0.01 to 1 ng/mL and the LOQ
ranged from 0.02 to 3.5 ng/mL (Table 1). The LOD for the liver extraction protocol ranged from 0.03
to 7 ng/mL and the LOQ from 0.09 to 21 ng/mL (Table 2). Carryover was assessed by injecting five
consecutive blank samples after a calibration standard at the upper limit of quantification, for both
extraction protocols. No carryover could be detected for the analytes and the internal standards, as
there were no chromatographic peaks present at the transitions at the corresponding retention times.
Linearity of the calibration curves was assessed by using linear regression analysis of a triplicate of the
10-level calibration curve prepared independently for both extraction protocols. All calibration curves
were linear, with squared correlation coefficients (r2) ranging from 0.990 – 0.999 for the majority of
the compounds in both extraction protocols, except for allo-3β-lithocholic acid (allo-3βLCA) using
the serum/plasma extraction protocol and LCA and tauro-lithocholic acid (TLCA) with the liver
extraction protocol (Tables 1 and 2). Extraction recovery was evaluated by comparing the responses
of a spiked matrix with and without extraction, and calculated for each analyte at low, medium,
and high concentrations (2.5, 50, and 250 ng/mL) (Tables 1 and 2). Stability was determined by
analyzing extracted samples and calibrators immediately as well as after storage at 4 ◦C for one week.
Concentrations obtained were compared and variations lower than 10% were obtained throughout,
regardless of the storage period. All bile acids were found to be stable at 4 ◦C for at least one week.

The method was then tested using different matrices from human and mouse (Figure 2). The list
of bile acids included in the LC-MS/MS method for quantification is represented by three different
colors, indicating the robust detection and quantification of the compound (green), presence at a low
concentration around LOQ, or absence in few tested samples (yellow), and absence in most samples
(red) (concentrations at Table S1). In contrast to humans, where glycine-conjugated bile acids are the
major components of the bile acid pool with a ratio of glycine to taurine-conjugated bile acids of about
3:1 in adult males, taurine conjugates represent the most abundant bile acids in the mouse and rat [7].
All primary and secondary bile acids could be robustly quantified, with the exception of LCA and its
conjugates. Some of the allo-bile acids and 7oxo bile acids were either present at low concentrations
around LOQ or not detected. This is not unexpected, as these bile acids represent minor metabolites
that are thought to be increased in certain enzyme deficiencies or diseases [23,44].
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Figure 2. List of bile acids included in the LC-MS/MS method for quantification. The newly established
method was applied to different matrices including plasma of human and mouse, as well as mouse
serum and liver tissue. Colors indicate compound detection and quantification: Green: Compound
detected in samples used for this test. Yellow: Compound detected at a very low concentration, close to
LOQ or not detected in all samples tested. Red: Compound not detected in most samples.

2.3. Application of the Method

The method was applied to plasma and liver tissue samples from mice treated for three weeks
with simvastatin at three different doses (5, 10, and 25 mg/kg/d). Simvastatin, similar to other statins,
inhibits HMG-CoA reductase that catalyzes the rate-limiting step of cholesterol biosynthesis and
is widely used to treat hypercholesterolemia [45]. The main adverse effects of statins are skeletal
muscle-associated symptoms, seen in up to 30% of treated patients, with rhabdomyolysis as a rare but
potentially fatal form [38]. Since bile acids are produced from cholesterol, we tested the hypothesis
that inhibition of hepatic cholesterol synthesis by simvastatin might alter bile acid homeostasis and
that this potentially contributes to statin-induced myotoxicity. In mice treated daily for three weeks
at 5 mg/kg, grip strength and muscle endurance capacity were decreased while plasma lactate levels
were elevated after exercise compared to control mice. Additionally, disturbances of mitochondrial
function could be detected with impaired oxidative metabolism [39,40].
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More than 20 different bile acids were detected and quantified in plasma and liver tissue of
simvastatin treated mice, including free (Figure 3A,C) and taurine-conjugated (Figure 3B,D) metabolites
(concentrations at Table S2). As expected, taurine-conjugated bile acids were predominant in mouse,
whereas glycine-conjugated metabolites were either undetectable or present at low levels [6,7] and
therefore not further considered. The results showed no significant changes between simvastatin
treated and control mice in the concentrations of any bile acid, including major and minor metabolites.
To better understand our observation, we measured plasma lipid profile including total cholesterol,
high-density lipoprotein cholesterol (HDLc), and low- and very low-density lipoprotein cholesterol
(LDLc/VLDLc) (Figure S1). We did not detect any significant difference between simvastatin-treated
and control mice in the aforementioned lipid markers. These results are in accordance with a previous
study in which the treatment with simvastatin at 30 mg/kg for two weeks did not change the lipid
profile in mice [46]. Since bile acids are amphipathic molecules derived from cholesterol, the unchanged
lipid profile could be the obvious reason why the treatment with simvastatin at the tested doses did not
change the bile acid profile in mice. Moreover, these results are in line with an earlier study of Fu et al.,
in which they treated mice with atorvastatin at 100 mg/kg/d for one week [47]. Although they observed
an induction of Cyp7a1, the rate-limiting enzyme in bile acid synthesis, total bile acids in serum
and liver tissue did not change. However, their data did not exclude the possibility that individual
bioactive bile acids might be altered. In the present study, application of the newly established bile
acid quantification method, covering a large number of metabolites, did not show any significant
differences in the free and taurine-conjugated bile acids measured in both plasma and liver tissue
(Figure 3). This data is in line with observations in other studies using different species such as rabbit
and human patients, where simvastatin did not alter the bile acid profiles [48,49]. Together, the data
indicate that the cholesterol-lowering effect of simvastatin does not result in disruption of bile acid
homeostasis and therefore is not involved in the observed simvastatin-induced myotoxicity.
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Figure 3. Bile acid composition analyzed in mouse plasma and liver tissue samples. Data represent
relative abundances (%). The four groups correspond to control, and simvastatin exposure in mice at
three different doses: 5, 10, and 25 mg/kg/day. (A,C) Profiles of free bile acids in plasma and liver tissue,
respectively; (B,D) Taurine-conjugated bile acids in plasma and liver, respectively. n = 6 per group.
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3. Materials and Methods

3.1. Chemicals and Reagents

Ultrapure water was obtained using a Milli-Q® Integral 3 purification system equipped with
an EDS-Pak® Endfilter for the removal of endocrine active substances (Merck Millipore, Burlington,
MA, USA). Acetonitrile (HPLC-S Grade) was purchased from Biosolve (Dieuze, France), chloroform
stabilized with ethanol (HPLC Grade) from Scharlab (Sentmenat, Spain), methanol (CHROMASOLV™
LC-MS grade) from Honeywell (Charlotte, NC, USA), isopropanol (EMSURE® for analysis) from
Merck Millipore and formic acid (Puriss. p.a. ≥ 98%) from Sigma-Aldrich (St. Louis, MO, USA).

7oxoLCA was purchased from BioTrend (Köln, Deutschland), tauro-cholic acid,
tauro-ursodeoxycholic acid, and glyco-cholic acid were obtained from Calbiochem (San Diego, CA,
USA), and tauro-chenodeoxycholic acid, CA, UDCA, glyco-chenodeoxycholic acid, glyco-deoxycholic
acid, DCA, CDCA, and LCA from Sigma-Aldrich. Tauro-α-muricholic acid, tauro-β-muricholic
acid, tauro-ω-muricholic acid, αMCA, βMCA, ωMCA, 7-oxodeoxycholic acid, glyco-ursodeoxycholic
acid, tauro-deoxycholic acid, hyodeoxycholic acid, TLCA, glyco-lithocholic acid, dehydrolithocholic
acid, 12-oxolithocholic acid, 6,7-dioxolithocholic acid, and γMCA were obtained from Steraloids
(Newport, RI, USA). Tauro-7-oxolithocholic acid and glyco-7-oxolithocholic acid. Allo-cholic
acid, allo-deoxycholic acid, allo-lithocholic acid, allo-3β-deoxycholic acid, allo-3β-LCA, and
allo-12β-deoxycholic acid were kindly provided by Prof. Alan F. Hofmann (San Diego).
Deuterated standards used as internal standards, i.e., (2,2,4,4-2H4)-glyco-chenodeoxycholic acid,
(2,2,4,4-2H4)-glyco-cholic acid, (2,2,4,4-2H4)-glyco-ursodeoxycholic acid, and (2,2,4,4-2H4)-UDCA were
obtained from CDN Isotopes (Pointe-Claire, Quebec, Canada). (2,2,4,4-2H4)-CA, (2,2,4,4-2H4)-CDCA,
and (2,2,4,4-2H4)-LCA were purchased from Sigma-Aldrich. (2,2,4,4-2H4)-DCA was purchased
from Steraloids.

3.2. Serum, Plasma, and Liver Tissue Samples from Mice and Plasma from Humans Used for Method Development

Blood and liver tissue samples of 10–12 weeks old male C57BL/6J mice were collected in agreement
with the guidelines for care and use of laboratory animals, accepted by the cantonal veterinary authority
of Basel in Switzerland (License 2758).

Human plasma from 16 healthy subjects (8 men and 8 women; mean ± SD age 24.8 ± 2.6 years)
was obtained from a previously reported study [50] conducted in accordance with the Declaration of
Helsinki and International Conference on Harmonization Guidelines in Good Clinical Practice and
approved by the local Ethics Committee and Swiss Agency for Therapeutic Products (Swissmedic).
The study was registered at ClinicalTrials.gov: http://clinicaltrials.gov/ct2/show/NCT01465685.

3.3. Mice Treated with Simvastatin

Male C57BL/6J mice (n = 24, 14 weeks old, approximately 29–32 g of bodyweight) were acclimatized
one week prior to the start of the study and housed in a standard facility with 12 h light-dark cycles
and controlled temperature (22 ± 2 ◦C). The mice were fed a standard pellet chow and water ad
libitum. All experiments were performed in agreement with the guidelines from Directive 2012/63/EU
of the European Parliament on the protection of animals used for scientific purposes. The experiments
performed in this animal study were reviewed and accepted by the cantonal veterinary authority
of Basel in Switzerland and were performed in agreement with the guidelines for care and use of
laboratory animals (License 3035).

After acclimatization, mice were randomly divided into four groups: (1) mice treated with vehicle
(control, n = 6); (2) mice treated with simvastatin at 5 mg/kg/d (n = 6); (3) mice treated with simvastatin
at 10 mg/kg/d (n = 6); and (4) mice treated with simvastatin at 25 mg/kg/d (n = 6). The mice were
treated by oral gavage for three weeks. Following treatment for 21 days, mice were anesthetized with
an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) (Graeub AG, Switzerland).
Then, blood was collected into heparin-coated tubes by intracardiac puncture. Plasma was separated
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by centrifugation at 3000× g for 15 min. Plasma samples were kept at −80 ◦C for later analysis. The liver
was immediately collected, frozen in liquid nitrogen, and stored at −80 ◦C for later analysis.

3.4. Bile Acids Extraction from Plasma and Serum

For the analysis of bile acids, 25 µL of plasma and serum samples diluted at a ratio of 1:4 (v/v) with
MilliQ water were used. Samples were subjected to protein precipitation by adding 1 mL of 2-propanol
containing a mixture of deuterated internal standards. Extraction was performed with continuous
shaking at 4 ◦C for 30 min at 1400 rpm on a Thermomixer C (Eppendorf AG, Hamburg, Germany) and
then centrifuged at 16000× g for 10 min. Supernatants were transferred to new tubes and evaporated to
dryness by using a Genevac EZ-2 system (SP Scientific, Warminster, PA, USA) at 35 ◦C. Extracts were
resuspended in 100 µL methanol:water (1:1, v/v), incubated at 4 ◦C for 10 min at 1400 rpm, sonicated in
a water bath for 10 min at room temperature, and finally transferred to LC-MS vial for analysis.

3.5. Bile Acids Extraction from Mouse Liver Tissue

Liver samples (30 ± 5 mg) were homogenized using oxide beads (1.4 mm Zirconium) on
the Precellys 24 Tissue Homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) with
three cycles (30 s at 6500 rpm, 30 s break between each cycle) in 1 mL of extraction mixture
(water-chloroform-methanol; 1:1:3; v/v/v) including deuterated internal standards. Samples were
incubated for 15 min at 37 ◦C with continuous shaking at 850 rpm on a Thermomixer C and centrifuged
at 16,000× g for 10 min at 20 ◦C. 800 µL of supernatant were transferred to a 2 mL tube and kept
on ice. Another 800 µL of extraction mixture were added to the samples and the extraction process
was repeated once more as described. The final 1.6 mL were evaporated to dryness in a Genevac
EZ-2 at 35 ◦C. The residue was reconstituted in 200 µL methanol-water 1:1 (v/v), incubated for 10 min
at 1300 rpm and at 20 ◦C, and then sonicated in a water bath for 10 min at room temperature.
Next, the samples were centrifuged at 16,000× g for 10 min at 20 ◦C and 100 µL of the supernatant
were transferred to LC-MS vials and stored at −20 ◦C for later analysis.

3.6. Calibration and Quality Control Standard Preparation

Bile acid standard or internal standard stock solutions at concentrations of 1 mg/mL were prepared
by dissolving each standard in methanol and stored at −80 ◦C. Individual working solutions were
prepared by diluting them with the appropriate amount of methanol. A mixture of all internal
standards was prepared for sample preparation. A mixture of all the compounds was prepared to spike
the highest level of the calibration curve. A ten-point calibration curve was prepared by serial dilution
of the working standard mix solution into charcoal-stripped serum, plasma, or phosphate-buffered
saline (PBS). Quality controls were prepared by spiking the working standard solution mix (at 2.5, 50,
and 100 ng/mL) in charcoal stripped serum, plasma or PBS. Calibrators and quality controls then went
through the sample preparation process described above.

3.7. LC-MS/MS Instrumental Conditions

The analysis was carried out using an Agilent 1290 UPLC coupled to an Agilent 6490 triple
quadrupole mass spectrometer equipped with an electrospray ionization (ESI) source (Agilent
Technologies, Basel, Switzerland). Drying gas as well as nebulizing gas was nitrogen. The desolvation
gas flow was set at 15 L/min, the sheath gas flow at 11 L/min, and the nebulizer pressure at 20 psi.
The nitrogen desolvation temperature was set at 290 ◦C, sheath gas temperature at 250 ◦C. Capillary
voltage was optimized for each segment from 2000 to 5000 V. Nozzle voltage was set at 2000 V and cell
accelerator voltage at 5 V. Chromatographic separation of bile acids was achieved using reversed-phase
column (ACQUITY UPLC BEH C18, 130 Å, 1.7 µm, 2.1 mm × 15 mm, Waters, Milford, MA, USA),
at a flow of 0.5 mL/min and a column temperature of 55 ◦C. The mobile phase consisted of ultrapure
water and acetonitrile (95:5, v/v) with 0.1% formic acid (solvent A) and acetonitrile and ultrapure water
(95:5, v/v) with 0.1% formic acid (solvent B). The following gradient pattern was used for the separation
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of bile acids: 0 min, 25% B, 3.1 min, 35% B, 9 min, 38% B, 15 min, 65% B, 18 min, 65% B, 20 min, 100% B,
22 min, 25% B, and additional 2 min post-run at initial conditions. The injection volume was set at 3 µL.

Data acquisition was performed using MRM mode. At least two transitions (quantifier and
qualifier transitions) were selected for each compound in positive or negative ESI mode depending on
the compound. Collision energy was optimized for each transition (Tables 1 and 2).

3.8. Method Validation

The following parameters were evaluated: LOD, LOQ, linearity, stability at 4 ◦C, carryover, and
extraction recovery. The absence of any interfering substance at the retention time of the compounds
of interest was verified [43].

The LOQ was defined as the lowest concentration at which the peak response was ten times that of
the noise (10 S/N), and the LOD was the extrapolated concentration with a signal-to-noise ratio of three
(3 S/N). Calibration curves were prepared daily and spiked with internal standards. In order to evaluate
the linearity, 10 calibration curve points were analyzed by the optimized method. The linearity of the
calibration curves was then determined using linear regression analysis of a triplicate of the 10-level
calibration curve prepared independently for both extraction protocols described above. Carryover
was assessed by injecting five consecutive blank samples after injection of the highest calibration
standard for both extraction protocols. The stability of the bile acids at 4 ◦C was evaluated in plasma
and liver tissue samples to investigate whether the concentrations of the compounds were stable over
time. Extracts were analyzed, kept at 4 ◦C for one week, and reanalyzed.

The extraction recovery was assessed at three concentration levels (2.5, 50, and 250 ng/mL).
The analysis of six replicates of a charcoal-treated plasma sample spiked with the compounds before
extraction, and six replicates of the same charcoal treated plasma sample to which the analytes were
added after extraction. The ratio of the peak areas between the analytes and the internal standard
obtained from the extracted spiked samples was compared with ratios obtained for samples in which
the analytes were added after extraction of the matrix (representing 100% extraction recovery). In order
to evaluate the extraction recovery for the liver sample extraction protocol bovine serum albumin
(1 mg/mL) was used as a matrix. Precision was measured as the relative standard deviation of the
ratios of the peak areas of the compound to the internal standard. The concentration range for the
quantification was optimized for each matrix.

The extraction protocols were applied to different matrices in order to evaluate its performance
before being applied to a real cohort of samples. The method was tested in human and mouse serum
and plasma as well as mouse liver tissue samples.

3.9. Data Analysis and Statistics

For LC-MS/MS data, MassHunter Acquisition and Quantitative Analysis vB.07.01 (Agilent
Technologies, Inc.) were used for quantification. Statistical analysis was performed using nonparametric
multiple t-tests, groups were compared by using the Wilcoxon signed rank test. Statistical analysis and
graphs were performed in GraphPad Prism v5.02 (GraphPad Software).

4. Conclusions

We developed and validated an LC-MS/MS method for the simultaneous quantification of
36 different bile acids in serum, plasma, and liver tissue samples. This simple method solved issues
of separation of isobaric bile acids seen in previous methods and its applicability was demonstrated
using human and mouse samples. The method covers the most important free and taurine- and
glycine-conjugated bile acids as well as some minor metabolites of interest in certain enzyme
deficiencies. This broad coverage and the small sample amount needed allows future application of
the method for clinical studies as well as preclinical studies including species such as mouse, rat, and
guinea-pig. Finally, application of the method in a study of simvastatin treated mice showed that the
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cholesterol-lowering drug, at doses causing myotoxicity, did not affect bile acid profiles in plasma and
liver tissue, indicating that bile acids are not involved in the mechanism of statin-induced myotoxicity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/10/7/282/s1,
Figure S1: Lipid profile measured in simvastatin-treated and control mice, Table S1: Concentrations of individual
bile acids quantified in serum, plasma and liver tissue from mice and in human plasma, Table S2: Concentrations
of individual bile acids quantified in plasma and liver tissue in simvastatin-treated and control mice.
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Abstract: Alveolar echinococcosis (AE) caused by Echinococcus multilocularis is a chronic, progressive
liver disease widely distributed in the Northern Hemisphere. The main treatment options include
surgical interventions and chemotherapy with benzimidazole albendazole (ABZ). To improve the
current diagnosis and therapy of AE, further investigations into parasite–host interactions are
needed. This study used liquid chromatography–tandem mass spectrometry (LC-MS/MS) to assess
serum and liver tissue bile acid profiles in the i.p. chronic E. multilocularis-infected mouse model
and evaluated the effects of the anthelmintic drug ABZ. Additionally, hepatic mRNA and protein
expression of enzymes and transporters regulating bile acid concentrations were analyzed. AE
significantly decreased unconjugated bile acids in serum and liver tissue. Taurine-conjugated bile
salts were unchanged or increased in the serum and unchanged or decreased in the liver. Ratios of
unconjugated to taurine-conjugated metabolites are proposed as useful serum markers of AE. The
expression of the bile acid synthesis enzymes cytochrome P450 (CYP) 7A1 and aldo-keto reductase
(AKR) 1D1 tended to decrease or were decreased in mice with AE, along with decreased expression
of the bile acid transporters Na+/taurocholate cotransporting polypeptide (NTCP) and bile salt efflux
pump (BSEP). Importantly, treatment with ABZ partially or completely reversed the effects induced
by E. multilocularis infection. ABZ itself had no effect on the bile acid profiles and the expression of
relevant enzymes and transporters. Further research is needed to uncover the exact mechanism of
the AE-induced changes in bile acid homeostasis and to test whether serum bile acids and ratios
thereof can serve as biomarkers of AE and for monitoring therapeutic efficacy.

Keywords: bile acid; BSEP; NTCP; alveolar echinococcosis; Echinococcus multilocularis; albendazole;
LC-MS/MS

1. Introduction

Human alveolar echinococcosis (AE) caused by Echinococcus multilocularis is a severe
liver disease with high morbidity and poor prognosis when handled inappropriately [1,2].
In the Northern Hemisphere, 0.3 to 3 per 1,000,000 inhabitants get infected with E. multi-
locularis annually, with the numbers increasing [1–3]. Adult stages of the tapeworm are
mainly noted in the intestine of red and arctic foxes, although domestic dogs and cats can
also act as definitive hosts [3,4]. A prevalence of <1.5% was found in privately owned
rural and urban pet dogs, whereas it was between 3% and 8% in dogs with free access
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to rodent habitats, such as farm dogs and hunting dogs. The course of the infection is
characterized by a long-term, primarily intrahepatic growth of the metacestode (larval
stage) in the intermediate host, including small mammals such as mice [5]. In humans,
invasion of the bile ducts by E. multilocularis leads to cholangitis and portal hypertension,
and the disease can progress to liver cirrhosis after a long latent, asymptomatic period [5,6].

A characteristic feature of AE is the tumor-like growth of the metacestode, which
may lead to infiltration of neighboring organs. The only curative treatment is surgical
resection of the metacestode tissue, supported by pre- and post-operative chemotherapy [2].
Treatment in inoperable AE cases consists of a long-term and often life-long administration
of benzimidazoles albendazole (ABZ) or mebendazole. Long-term treatment with benzimi-
dazoles is required because these drugs are parasitostatic but not parasiticidal, and adverse
reactions, including severe hepatotoxicity, are frequently observed [2,7,8].

Although it is well known that impaired liver function in situations such as cholesta-
sis and cirrhosis or in drug-induced liver injury can have profound effects on bile salt
homeostasis, little is known whether serum or intrahepatic bile salts are altered during E.
multilocularis infection and whether this is influenced by the ABZ treatment.

Primary bile acids are synthesized from cholesterol by a complex multistep pathway
in hepatocytes [9,10]. The so-called classic (or neutral) pathway starts by introducing a
hydroxy-group at the 7α-position of cholesterol, catalyzed by CYP7A1, which constitutes
the rate-limiting step of hepatic bile acid biosynthesis. CYP7A1 expression and activity is
controlled by various transcription factors and feedback mechanisms. The alternative (or
acidic) pathway is initiated by the side chain hydroxylation of cholesterol through sterol
27-hydroxylase (CYP27A1) and is primarily extrahepatic. The primary di- and trihydroxy
bile acids are conjugated with taurine or glycine and exported from hepatocytes across the
canalicular membrane by the bile salt export pump (BSEP) into the canaliculi, from where
they drain with bile into the upper small intestine. The ratio of dihydroxy to trihydroxy
bile acids as well as the ratio of glycine to taurine conjugates are different between species
and hence result in species-specific bile salt pool compositions [11]. Bile salts are the main
organic component of bile [12,13].

Most of the bile acids are absorbed by active transport in the distal ileum and trans-
ported back to the liver via the portal vein, while some part is metabolized by the gut flora
into secondary bile acids [9,10,14]. In the liver, bile salts are transported from the portal
blood plasma across the basolateral membrane on hepatocytes by numerous transport
proteins. While Na+-taurocholate cotransporting polypeptide (NTCP) predominantly trans-
ports bile salts and organic anion transporters (OATPs) predominantly mediate the uptake
of bile acids from the blood plasma through the basolateral membrane into the hepato-
cytes [15–19], BSEP represents the rate-limiting step in the secretion of bile salts into the bile
fluid. Inherited and acquired forms of liver diseases, which impair proper BSEP function,
can lead to intracellular accumulation of bile acids in hepatocytes, i.e., cholestasis. If persis-
tent, cholestasis can cause hepatocellular damage or even cell death [16,17,19]. Elevated
hepatocellular levels of bile acids lead to the activation of the farnesoid X receptor (FXR),
which directly downregulates CYP7A1 expression and indirectly the sinusoidal uptake
transporter NTCP, but upregulates the efflux transporter BSEP to reduce the concentration
of intracellular bile salts [16,17,19]. FXR activation upon hepatic bile acid accumulation
also increases sinusoidal bile acid efflux by inducing the expression of multidrug resistance-
associated protein (MRP)4 and heterodimeric organic solute transporters (OST)α/OSTβ
(SLC51A/SLC51B) [14,15,18,20,21].

In many hepatic and intestinal diseases, serum bile acid concentrations are altered
due to impaired hepatic synthesis and metabolism and/or intestinal absorption. Thus,
serum bile acid concentrations may serve as prognostic and diagnostic markers of liver
dysfunctions and diseases [22–26]. Consequently, the present study assessed changes in
serum and liver tissue bile acid profiles in mice infected i.p. with metacestodes of E. multi-
locularis using ultra-high performance liquid chromatography–tandem mass spectrometry
(LC-MS/MS). Furthermore, the effect of the currently most frequently used treatment,
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i.e., ABZ, on the serum and intrahepatic bile acid profiles was assessed. Additionally, the
mRNA and protein expression levels of key bile salt transporters and enzymes involved in
bile acid synthesis were studied in liver tissues.

2. Results
2.1. Murine Model of Alveolar Echinococcosis

In the present investigation, we analyzed serum and liver tissue samples from a
previous study on innate and adaptive immune responses in mice infected i.p. with
metacestodes of E. multilocularis and treated with vehicle or ABZ [27]. The natural mode
of infection (or primary infection) of intermediate hosts with E. multilocularis represents
peroral uptake of infectious eggs, which also includes the first phase of intrahepatic parasite
development. However, such a model is rarely applied in experimental infection due to
the limited availability of infectious eggs for experimental infection, the high risk for
the experimenter, and the necessity of high biosafety precautions. The most commonly
applied, secondary murine AE infection model includes i.p. inoculation of E. multilocularis
metacestode tissue suspension, mimicking a chronic infection. In this model, the parasite
mostly grows in the peritoneal cavity. A macroscopic and histological assessment in an
earlier study [27] thus did not detect any visible parasitic structures within the livers of
any mouse, but inflammatory cell infiltrates with elevated levels of pro-inflammatory
cytokines were observed in infected mice. Furthermore, the treatment efficacy of ABZ was
demonstrated in the previous study by a significantly reduced parasite weight (isolated
from the peritoneal cavity), the histopathology (immune cell infiltration), and reduced liver
tissue cytokine levels.

2.2. Bile Acid Profiles

To assess the potential effects of E. multilocularis infection and its main treatment ABZ
on the serum bile acid profiles in mice, a recently established LC-MS/MS-based method
was applied to quantify a series of conjugated and unconjugated bile acids [28]. Glycine-
conjugated bile acids were at or below the lower limit of detection of the quantification
method and are not listed in Table 1. The mean concentrations of each individual bile acid
as well as the sums of taurine-conjugated, unconjugated, and total bile acids analyzed
for the four treatment groups are listed in Table 1, and data for individual bile acids are
shown in Supplementary Figure S1. The concentrations of all unconjugated primary (CA,
CDCA, αMCA, βMCA, and ωMCA) and secondary (UDCA, DCA, HDCA, 7oxoDCA,
and 12oxoLCA) bile acids were 4.6-fold lower in the AE group compared with the control
group. In contrast, the taurine-conjugated bile salts (TCDCA, TUDCA, TDCA, TαMCA,
and TωMCA) were either not altered or significantly increased (TCA and TβMCA) in
AE compared to non-infected control (CTRL) mice, with 1.5-fold higher levels of total
taurine-conjugated bile acids in the AE group. The total circulating bile acids were 2.5-fold
lower in the AE compared to CTRL mice.

In addition, bile acids were quantified in the liver tissue using the previously de-
scribed LC-MS/MS method [28]. The mean concentrations of each individual bile acid in
addition to the sums of unconjugated, conjugated, and total bile acids analyzed for the four
treatment groups are listed in Table 2, and the data for individual bile acids are depicted in
Supplementary Figure S2. The concentrations of all unconjugated bile acids were decreased
from 2- to 60-fold in the AE group compared with the control group. CDCA, UDCA,
HDCA, and 7oxoDCA had lower values than the limit of detection of the method. The
taurine-conjugated bile salts were either not altered or significantly decreased (TUDCA
and TαMCA) in AE compared to AE-ABZ mice.

ABZ is the drug of choice to treat AE in humans [1,2]. In this mouse model of AE,
ABZ treatment was well tolerated. No significant changes in any of the serum or liver
tissue bile acids analyzed were detected in the CTRL-ABZ compared to the CTRL group
(Tables 1 and 2, Supplementary Figures S1 and S2), although there was a trend to decreased
total unconjugated bile acids and taurine-conjugated bile salts in liver tissues of CTRL-ABZ
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mice. Importantly, ABZ treatment of E. multilocularis-infected mice partially or completely
reversed the changes in serum and liver tissue bile acid concentrations observed in AE
mice (compared to AE-ABZ), and the bile acid concentrations of all analyzed metabolites
in the AE-ABZ group were comparable to those of the non-infected CTRL group. A
comparison of the relative abundance of each individual bile acid in percentage shows
highly similar profiles for CTRL, CTRL-ABZ, and AE-ABZ but a clearly distinct profile
for the AE group (Figure 1). The graphical representation of the profiling facilitates
distinguishing the different treatment groups (Figure 1A for serum profiles and Figure 1B
for liver tissue profiles).

Table 1. Effects of E. multilocularis infection and ABZ treatment on bile acids in the serum of mice.
The serum was collected from non-infected control (CTRL, n = 6), E. multilocularis-infected (AE, n = 6),
E. multilocularis-infected and ABZ-treated (AE-ABZ, n = 5, one outlier with aberrant concentrations
was removed), and non-infected and ABZ-treated control mice (CTRL-ABZ, n = 6). * p < 0.05 AE
vs. CRTL, † p < 0.05 AE vs. CTRL-ABZ, and ‡ p < 0.05 AE vs. AE-ABZ. Values are expressed as
mean ± SD (nM).

Compound
CTRL

(n = 6) (nM
Mean ± SD)

AE (n = 6) (nM
Mean ± SD)

AE-ABZ
(n = 5) (nM

Mean ± SD)

CTRL-ABZ
(n = 6) (nM

Mean ± SD)

Unconjugated

CA 2960 ± 1586 753 ± 761 *,† 2218 ± 2861 2760 ± 1521

CDCA 305 ± 148 70 ± 34 *,† 237 ± 200 365 ± 346

ωMCA 3074 ± 1654 489 ± 192 *,† 1744 ± 1467 2522 ± 741

αMCA 554 ± 385 44 ± 37 *,† 287 ± 308 463 ± 399

βMCA 4747 ± 3497 1080 ± 899 *,† 4452 ± 4387 4131 ± 2559

UDCA 590 ± 358 122 ±81 *,† 784 ± 811 686 ± 549

HDCA 245 ± 95 29 ± 18 *,† 174 ± 137 263 ± 91

DCA 917 ± 261 374 ± 146 *,† 1217 ± 939 1176 ± 654

12oxoLCA 15 ± 6 5 ± 1 *,‡ 17 ± 13 14 ± 7

7oxoDCA 686 ± 441 93 ± 74 *,† 443 ± 430 609 ± 305

AlloCA 122 ± 45 18 ± 13 *,† 63 ± 73 119 ± 52

Total unconjugated 14,215 ± 7740 3078 ± 2082 * 11,636 ± 11,085 13,107 ± 6512

Taurine-conjugated

TCA 345 ± 173 920 ± 620 † 305 ± 282 232 ± 110

TCDCA 27 ± 29 40 ± 23 19 ± 8 22 ± 19

TωMCA 970 ± 228 642 ± 208 607 ±446 822 ± 236

TαMCA 253 ± 104 325 ± 188 329 ± 372 244 ± 158

TβMCA 606 ± 285 1396 ± 916 † 578 ± 596 398 ± 187

TUDCA 110 ± 37 120 ± 33 132 ± 80 125 ± 36

TDCA 81 ± 43 137 ± 69 108 ± 72 80 ± 39

Total
taurine-conjugated 2392 ± 755 3578 ± 1820 2078 ± 1787 1924 ± 685

Total bile acids 16,607 ± 8135 6656 ± 3172 13,714 ± 12,722 15,031 ± 6963
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Table 2. Effects of E. multilocularis infection and ABZ treatment on bile acids in liver tissue of mice.
The liver samples were collected from non-infected control (CTRL, n = 6), E. multilocularis-infected
(AE, n = 6), E. multilocularis-infected and ABZ-treated (AE-ABZ, n = 5, one outlier with aberrant
concentrations was removed), and non-infected and ABZ-treated control mice (CTRL-ABZ, n = 5,
one outlier with aberrant concentrations was removed),). * p < 0.05 AE vs. CRTL, † p < 0.05 AE vs.
CTRL-ABZ, and ‡ p < 0.05 AE vs. AE-ABZ. Values are expressed as mean ± SD (pg/mg tissue). ND:
Not-detected.

Compound
CTRL (n = 6)

(pg/mg Tissue
Mean ± SD)

AE (n = 6)
(pg/mg Tissue
Mean ± SD)

AE-ABZ (n = 5)
(pg/mg Tissue
Mean ± SD)

CTRL-ABZ (n = 5)
(pg/mg Tissue
Mean ± SD)

Unconjugated

CA 8520 ± 9256 151 ± 33 † 2464 ± 3418 1615 ± 631

CDCA 42 ± 31 ND ‡ 74 ± 63 43 ± 19

ωMCA 1893 ± 1839 182 ± 43 † 964 ± 1010 768 ± 260

αMCA 1627 ± 1627 79 ± 33 ‡ 1466 ± 2108 542 ± 122

βMCA 4583 ± 3791 2312 ± 1080 6533 ± 5483 3748 ± 1778

UDCA 88± 74 ND †,‡ 127 ± 90 107 ± 46

HDCA 50 ± 42 ND †,‡ 46 ± 9 43 ± 9

DCA 40 ± 22 14 ± 2 * 26 ± 8 30 ± 11

7oxoDCA 1887 ± 2131 ND *,† 519 ± 1041 120 ± 43

Total
unconjugated 18,734 ± 18,314 2770 ± 1142 12,220 ± 13,172 7016 ± 1726

Conjugated
TCA 93,465 ± 58,895 53,864 ± 22,985 91,956 ± 95,949 47,978 ± 8176

TCDCA 8584 ± 7344 1980 ± 567 12,736 ± 16,372 5275 ± 2482

TωMCA 43,450 ± 33,129 15,090 ± 5925 23,250 ± 8736 25,676 ± 6107

TαMCA 26,984 ± 21,698 7092 ± 2735 ‡ 25,708 ± 21,439 14,464 ± 5161

TβMCA 102,187 ± 65,883 84,403 ± 38,111 93,075 ± 51,320 67,780 ± 20,851

TUDCA 12,737 ± 10,579 2449 ± 815 ‡ 15,399 ± 18621 6981 ± 1806

TDCA 8091 ± 5150 2602 ± 1044 6989 ± 6001 4148 ± 1787

TLCA 319 ± 188 83 ± 35 406 ± 353 275 ± 116

T7oxoLCA 316 ± 377 256 ± 273 462 ± 974 63 ± 61

GCA 264 ± 225 112 ± 27 387 ± 427 157 ± 30

Total
conjugated 296,395 ± 198,074 167,929 ± 67,355 270,370 ± 216,375 172,798 ± 39,994

Total bile acids 314,865 ± 216,097 170,587 ± 67,462 282,203 ± 229,000 179,657 ± 39,812

As ratios often show lower inter-individual variations than single analytes, they
may represent more robust markers to detect changes in bile acid homeostasis. The ratio
of total taurine-conjugated to unconjugated bile acids as well as the ratios of TCA/CA,
TαMCA/αMCA, and TβMCA/βMCA were all approximately 10-fold higher compared to
the CTRL group in AE mice, followed by complete reversal upon ABZ treatment in the
serum samples (Figure 2A and Figure S3, Table 3). The intrahepatic ratios tended to be
higher in the AE group compared to the CTRL and the AE-ABZ groups (Figure 2B and
Figure S4, Table 3).
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Figure 1. Bile acid profiles of the four different mouse groups in serum (A) and in liver tissue (B). The relative amounts of
individual bile acids, indicated by different colors, are shown for the four different groups: non-infected control (CTRL,
n = 6), E. multilocularis-infected (AE, n = 6), non-infected and ABZ-treated control (CTRL-ABZ, n = 6 for serum, n = 5 for
liver tissue due to exclusion of an outlier), and E. multilocularis-infected and ABZ-treated mice (AE-ABZ, n = 5, one outlier
with aberrant concentrations was removed). Data represent relative abundances (%) of individual bile acids.
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Figure 2. Increased ratio of taurine-conjugated to unconjugated bile acids in AE. The sum of the
taurine-conjugated bile acids divided by the sum of unconjugated bile acids was determined in the
four different treatment groups, in serum samples (A) and liver tissues (B). Non-infected control
(CTRL, n = 6), E. multilocularis-infected (AE, n = 6), E. multilocularis-infected and ABZ-treated (AE-
ABZ, n = 5, one outlier with aberrant concentrations was removed), and non-infected and ABZ-treated
control mice (CTRL-ABZ, n = 6 in serum and n = 5 in liver tissue due to exclusion of an outlier).
Values are expressed as mean ± SD. * p < 0.05 and ** p < 0.01.

Table 3. Increased ratio of taurine-conjugated to unconjugated bile acids in AE. The ratio of total
taurine-conjugated to total unconjugated bile acids as well as the ratios of TCA/CA, TαMCA/αMCA,
and TβMCA/βMCA were calculated for the four different treatment groups in the serum and
liver tissue samples. Non-infected control (CTRL, n = 6), E. multilocularis-infected (AE, n = 6), E.
multilocularis-infected and ABZ-treated (AE-ABZ, n = 5, one outlier with aberrant concentrations was
removed), and non-infected and ABZ-treated control mice (CTRL-ABZ, n = 6 in serum and n = 5
in liver tissue due to exclusion of an outlier). Values are expressed as mean ± SD. * p < 0.05 AE vs.
CTRL, † p < 0.05 AE vs. CTRL-ABZ, and ‡ p < 0.05 AE vs. AE-ABZ.

Serum CTRL (n = 6)
(mean ± SD)

AE (n = 6)
(mean ± SD)

AE-ABZ (n = 5)
(mean ± SD)

CTRL-ABZ (n = 6)
(mean ± SD)

Total taurine-
conjugated/total

unconjugated
0.20 ± 0.09 1.38 ± 0.86 *,†,‡ 0.17 ± 0.07 0.27 ± 0.23

TCA/CA 0.15 ± 0.14 1.63 ± 1.33 *,†,‡ 0.25 ± 0.26 0.09 ± 0.02

TαMCA/αMCA 0.72 ± 0.63 9.17 ± 5.74 *,†,‡ 1.50 ± 1.04 0.58 ± 0.17

TβMCA/βMCA 0.17 ± 0.10 1.63 ± 1.18 *,†,‡ 0.21 ± 0.19 0.12 ± 0.09

Liver tissue CTRL (n = 6)
(mean ± SD)

AE (n = 6)
(mean ± SD)

AE-ABZ (n = 5)
(mean ± SD)

CTRL-ABZ (n = 5)
(mean ± SD)

Total taurine-
conjugated/total

unconjugated
46 ± 53 67 ± 33 26 ± 5 26 ± 9

TCA/CA 156 ± 312 359 ± 146 † 50 ± 14 33 ± 13

TαMCA/αMCA 47 ± 53 104 ± 55 27 ± 9 29 ± 15

TβMCA/βMCA 33 ± 23 41 ± 22 16 ± 4 21 ± 11

2.3. Effect of AE and ABZ Treatment on Enzymes Involved in Bile Acid Synthesis

To assess whether AE and/or the treatment with ABZ affect bile acid synthesis, the
mRNA levels of the rate-limiting enzyme Cyp7a1, the sterol 27-hydroxylase Cyp27a1,
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which initiates the acidic pathway or alternative pathway for bile acid synthesis, and of
the 5β-reductase Akr1d1 were analyzed by quantitative PCR (qPCR). The expression of
Cyp7a1, and to a lesser extent that of Cyp27a1, tended to be decreased in the liver tissues
of E. multilocularis-infected mice (Figure 3). These trends were reversed by treatment
with ABZ. Attempts to determine the protein expression of these enzymes in mouse liver
tissues failed as no suitable antibodies and conditions could be identified. Regarding
the 5β-reductase Akr1d1, significantly lower mRNA levels along with reduced protein
levels were observed in liver tissues from AE mice compared to CTRL, and ABZ treatment
reversed the decreased mRNA and protein expression.
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Figure 3. Expression levels of enzymes involved in bile acid synthesis. The mRNA levels of Cyp7a1
(A), Cyp27a1 (B), and Akr1d1 (C) and the protein levels of AKR1D1 (D) were determined in the liver
tissues of non-infected control (CTRL, n = 6), E. multilocularis-infected (AE, n = 6), E. multilocularis-
infected and ABZ-treated (AE-ABZ, n = 6), and non-infected and ABZ-treated control mice (CTRL-
ABZ, n = 6). One representative blot (of two) containing samples from three different mice is shown
in (D) on the left and densitometry results are shown on the right, representing data from the two
blots on samples from six mice, normalized to lamin B1 (LMNB1) control and with CTRL set as 1.
Values are expressed as mean ± SD. * p < 0.05.

2.4. Influence of AE and ABZ Treatment on the Expression of Bile Acid Transporters

Besides enzymes involved in bile acid synthesis and metabolism, several transport
proteins regulate the composition and concentrations of bile acids in the blood, liver
tissue, and bile fluid. To investigate a possible involvement of bile acid transporters in the
observed alteration of the bile acid profile upon E. multilocularis infection, the mRNA levels
of Bsep, Ntcp, Ostα, Ostβ, Mrp2, Mrp4, Oatp1a1, and Oatp1b2 were quantified by qPCR.
A trend of decrease in Bsep mRNA levels and significantly lower Ntcp mRNA levels were
observed in the liver tissues of E. multilocularis-infected mice (Figure 4, lower right panel
in A and B). Furthermore, a decrease in Ostα and Oatp1b2 mRNA levels and a trend of
decrease in Mrp2 mRNA expression was found in the AE group (Supplementary Figure S5).
These effects were fully reversed by ABZ treatment, and ABZ itself had no direct effect on
any of the genes of bile acid transporters measured. The mRNA levels of Oatp1a1, Mrp4,
and Ostβwere not different between the treatment groups.
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Figure 4. Hepatic mRNA and protein expression levels of BSEP, NTCP, and OATP1A1 in the four
treatment groups. Western blot and semi-quantitative analysis by densitometry of protein levels of
transporters BSEP (A), NTCP (B), and OATP1A1 (C) in the liver tissues of non-infected control (CTRL,
n = 6), E. multilocularis-infected (AE, n = 6), E. multilocularis-infected and ABZ-treated (AE-ABZ,
n = 6), and non-infected and ABZ-treated control mice (CTRL-ABZ, n = 6). One representative blot
(of two) containing samples from three different mice is shown in the top panel. Densitometry results
represent data from the two blots on samples from six mice (mean ± SD), normalized to lamin B1
(LMNB1) control, and with CTRL set as 1. * p < 0.05 and ** p < 0.01.
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For the assessment of protein expression using western blot analysis, antibodies
suitable for BSEP, NTCP, and OATP1A1 were available. Protein expression was analyzed by
densitometry and normalized to the house-keeping protein LMNB1. The protein expression
levels of the bile acid transporters BSEP and NTCP were both significantly lower in the
E. multilocularis-infected mice (AE group) compared to the CTRL mice (Figure 4A,B). In
contrast, OATP1A1 expression was not significantly altered in any of the four treatment
groups (Figure 4C).

3. Discussion

In humans, AE affects the liver as the primary site and progresses by continuous
infiltrative proliferation, thereby destroying liver tissue, invading the adjacent organs,
and metastasizing to the lungs and the brain [1,6]. The disease progression of AE is
usually slow accompanied with underlying inflammation and often not diagnosed un-
til it is well advanced [6,29]. The evaluation of serum bile acid concentrations, includ-
ing the determination of bile acid profiles as well as ratios of certain bile acids (e.g.,
taurine-conjugated/unconjugated, CA/CDCA) have the potential as diagnostic markers
to distinguish different liver diseases and monitor disease progression and therapeutic
efficacy [22–24,26].

For the present study, we used an animal model for chronic infection with an i.p.
application of metacestodes of E. multilocularis to mice. While this model does not show
macroscopic changes in livers of infected animals, a diffuse infiltration of immune cells
in livers and elevated pro-inflammatory cytokines in the plasma of treated animals is
found [27]. Hence, while the animal model does not reproduce completely, the human
pathology of AE infection and an oral infection model would more accurately represent
it. Our i.p. model clearly reproduces the inflammatory component of this disease while
avoiding the higher biosafety considerations and limited availability of infections eggs of
an oral infection model. The decreased unconjugated bile acids together with unaltered
or slightly elevated taurine-conjugated bile salts in plasma and decreased intrahepatic
unconjugated bile acid levels and mildly reduced intrahepatic taurine-conjugated bile salts
exclude cholestasis in our diseased animals but support a decreased bile salt pool. We can,
therefore, not completely rule out that the systemic inflammatory mediators (also seen
in other forms of liver disease) contribute on top of inflammatory processes in liver to
the alterations in bile acid and bile salt homeostasis in infected mice. This question needs
further investigation, including the determination of bile salt pools in the different groups.
The ratio of total unconjugated to total taurine-conjugated metabolites as well as that of
TCA/CA and TβMCA/βMCA in serum are proposed as useful markers to detect the effect
of AE and monitor the efficacy of ABZ treatment in the murine chronic infection model
applied. It needs to be noted that in this model of secondary infection, histological analysis
did not show any macroscopic changes in the liver, but infiltration of immune cells and
elevated pro-inflammatory cytokines were observed [27].

Common symptoms observed in AE patients at a late stage of disease, where hepatic
lesions are seen in histological analysis, include jaundice, abdominal pain, and weight
loss [6,29,30]. Studies in patients with jaundice showed an altered bile acid metabolism,
with an increase in the circulating levels of conjugated bile salts and an elevated ratio of
taurine-conjugated to unconjugated bile acids in symptomatic patients [26,31]. The utility
of the serum bile acid ratio markers mentioned above should be further studied in animal
models, i.e., in mice perorally infected with E. multilocularis eggs and at different time
points following infection, as well as in humans.

Gene expression analyses of the present study indicated a decreased hepatic bile
acid synthesis by lower CYP7A1 and AKR1D1 expression levels, along with decreased
canalicular biliary secretion via BSEP, reduced bile acid and bile salt uptake from the portal
circulation by NTCP and OATP1B2, and reduced efflux to the general circulation by OSTα
and MRP4 (Figure 5). An inhibition of the above-mentioned bile acid transporters may be
a result of the hepatic inflammation, shown in the previous study [27], leading to reduced
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FXR-mediated activation of SHP and PPARα that are involved in the regulation of the
expression of these bile acid transporters [14]. A rapid reduction of bile formation via
downregulation of both basolateral bile acids uptake (NTCP) and canalicular efflux system
(BSEP) have been observed in response to inflammation [16,20]. A decreased activity of
BSEP and OSTα-OSTβ directly relates to decreased bile acid-dependent activation of FXR
signaling, which can lead to liver injury [14,18]. The role of inflammation on the bile acid
pool in the AE model applied needs further investigations, including analysis of bile flow
and bile acid excretion by the kidney and feces.
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Figure 5. Schematic overview of key transport proteins involved in hepatic bile acid homeostasis. Left panel: situation in
hepatocytes of control mice; right panel: model of the situation in hepatocytes in experimental murine alveolar echinococ-
cosis (AE). The i.p. infection results in hepatic inflammation, suppressing the expression of the bile acid biosynthesis
enzyme cytochrome P450 (CYP) 7A1 and aldo-keto reductase (AKR) 1D1 and of the bile salt transporters bile salt efflux
mump (BSEP), multidrug resistance-associated protein (MRP) 2, Na+/taurocholate cotransporting polypeptide (NTCP),
and organic solute transporters (OST)α (SLC51A) and OSTβ (SLC51B). OATPs, organic anion transporters; CTRL, control.

In other conditions, such as chronic forms of cholestasis, downregulation of NTCP
and upregulation of basolateral bile acid export systems were observed (MRP4 and OSTα-
OSTβ) [15,16]. This contrasts the present study on AE, where OSTα and MRP4 were
decreased. Moreover, if FXR activity is compromised, one would expect an elevated
expression of the rate-limiting bile acid synthesis enzyme CYP7A1. In the liver, TCA, acting
as FXR agonist, tended to be lower, while TβMCA, an FXR antagonist [32], was not altered,
not supporting profound effects through altered presence of FXR ligands. Unfortunately,
bile fluid was not collected, which may provide further mechanistic insight in a follow-on
study. Further studies are needed to uncover the mechanism underlying the altered bile
acid homeostasis in AE and to elucidate its consequences for AE progression.

Evidence from earlier studies of helminth infections with the liver as the primary
affected site indicates an important role of bile acids in the modulation of helminth–host
interactions. The liver fluke Opisthorchis viverrini, for example, resides in the biliary tree
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in an environment of very high bile acid concentrations, and a study in infected hamsters
found elevated levels of the secondary bile acid DCA [33], suggesting disturbed activity
of the microbiome and/or altered intestinal reuptake of bile acids. Another example
includes Echinococcus granulosus, where the development of the larvae into secondary
hydatid cysts is promoted by bile acids and high levels of bile acids are needed for the
development of adult worms [34]. Interestingly, a serum metabolome analysis in Beagle
dogs infected with Toxocara canis showed that the bile acid CA was increased 24 h post-
infection but decreased 10 days after infection, along with a pronounced increase in TCA
and TCDCA, thus indicating a shift from unconjugated bile acids to taurine-conjugated bile
salts [35], similar to the observed effect in the present study in AE. Furthermore, a study in
mice infected with cysticerci of Taenia crassiceps showed altered hepatic metabolism with
enhanced production of taurine and glycine [36]. Although that study did not assess serum
bile acids and salts, the enhanced production of these amino acids suggests an increased
capacity for bile acid conjugation. These observations may provide an explanation for the
observed shift from conjugated to taurine-conjugated bile acids in AE in the present study,
with a potentially higher rate of taurine-conjugation in infected livers. Besides an altered
hepatic bile acid metabolism and transport, parasite infections can also disturb intestinal
activity and bile acid transport. For example, mice infected with Trichinella spiralis displayed
gut dysfunction with a decreased bile acid reuptake in the ileum, suggesting an enhanced
fecal loss of bile acids [37]. Thus, follow-on experiments should investigate the role of
inflammation, microbial bile acid metabolism, bile flow, and intestinal bile acid transport
in AE models. Furthermore, it will be important to study the role of FXR, as agonists of
this receptor were found to exert protective effects on microbial infections [38–40].

Additionally, the present work showed that ABZ treatment ameliorates E. multiloc-
ularis infection and almost completely reverses the effects on serum bile acids and gene
expression. This further demonstrates the efficacy of ABZ, mainly due to inhibition of par-
asite proliferation and immune cell infiltration as reported previously [27]. ABZ treatment
itself tended to decrease hepatic bile acid concentrations. Whether this may contribute
to the hepatotoxic effects seen upon long-term treatment with this drug [41] remains to
be investigated. Ultimately, an improved understanding of the pathways involved in the
disturbed bile acid homeostasis may help designing novel therapeutic strategies to combat
AE in humans, either alone or in combination with benzimidazoles such as ABZ.

4. Materials and Methods
4.1. Chemicals and Reagents

Ultrapure water was obtained using a Milli-Q® Integral 3 purification system equipped
with an EDS-Pak® Endfilter for the removal of endocrine active substances (Merck Milli-
pore, Burlington, MA, USA). Acetonitrile (HPLC-S Grade) was purchased from Biosolve
(Dieuze, France), methanol (CHROMASOLV™ LC-MS grade) from Honeywell (Charlotte,
NC, USA), isopropanol (EMSURE® for analysis) from Merck Millipore, and formic acid
(Puriss. p.a. ≥ 98%) from Sigma-Aldrich (St. Louis, MO, USA). Bile acids and internal stan-
dards were purchased from Sigma-Aldrich or Steraloids (Newport, RI, USA) as described
recently [28].

4.2. Mice

Female C57BL/6 mice (8 weeks old, n = 24) were housed under standard conditions in
a conventional daylight/night cycle room. The mice were fed a standard pellet chow and
water ad libitum. All experiments were performed in accordance with the Federation of
European Laboratory Animal Science Association (FELASA) guidelines. The experiments
performed in this animal study were reviewed and accepted by the cantonal veterinary
authority of the Canton of Bern, Switzerland, and were performed in agreement with the
guidelines for care and use of laboratory animals (license BE-112/17).

The mice were randomly divided into four groups: (1) non-infected control (CTRL,
n = 6), (2) E. multilocularis infected (AE, n = 6), E. multilocularis infected treated with
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albendazole (AE-ABZ, n = 6), and (4) non-infected treated with ABZ (CTRL-ABZ, n = 6).
The animals were examined daily for their health status and changes in weight during
the experimental period. All animal experiments were conducted within a laminar flow
safety hood. At the end of the experimental part, the mice were euthanized using CO2. The
blood was collected and the serum was separated by centrifugation at 3000× g for 15 min.
The serum samples were kept at −80 ◦C for later analysis. Liver tissue was immediately
collected, frozen in liquid nitrogen, and stored at −80 ◦C for later analysis.

Infection with E. multilocularis metacestodes was performed by i.p. injection [27].
Briefly, E. multilocularis (isolate H95) was extracted and maintained by serial passages
in C57BL/6 mice. Aseptic removal of infectious material from the abdominal cavity of
previously infected animals was used for propagation of AE in mice. The collected tissue
was grinded through a sterile 50 µm filter, roughly 100 vesicular cysts were suspended in
100 µL sterile PBS and administrated via i.p. injection to groups 2 (AE) and 3 (AE-ABZ). The
mice of control groups 1 (CTRL) and 4 (CTRL-ABZ) received 100 µL of sterile PBS. The ABZ
treatment started after 6 weeks of initial infection. The mice of groups 1 (CTRL) and 2 (AE)
were administered 100 µL corn oil and those of groups 3 (AE-ABZ) and 4 (CTRL-ABZ)
received 100 µL ABZ in corn oil (200 mg/kg mouse/injection) orally five times per week.
The treatment was terminated after 8 weeks by euthanizing the examined animals. The
serum and liver tissue samples were used from a previous study [27].

4.3. Quantification of Bile Acids in Serum

Bile acids were quantified as described recently [28]. Briefly, 10 µL of serum were
diluted 1:4 with water, followed by adding 900 µL of 2-propanol for protein precipitation
and a mixture of deuterated internal standards. Extraction was performed by continuous
shaking for 30 min at 4 ◦C and centrifugation at 16,000× g for 10 min. Supernatants were
transferred to new tubes, evaporated to dryness, and reconstituted with 100 µL of methanol
to water (1:1, v/v). Samples were analyzed by LC-MS/MS, consisting of an Agilent
1290 UPLC coupled to an Agilent 6490 triple quadrupole mass spectrometer equipped
with an electrospray ionization (ESI) source (Agilent Technologies, Basel, Switzerland).
Chromatographic separation of the bile acids was achieved using reversed-phase column
(ACQUITY UPLC BEH C18, 1.7 mm, 2.1 µm, 150 mm, Waters, Wexford, Ireland).

4.4. Quantification of Bile Acids in Liver Tissue

Bile acid extraction from liver tissue samples has been described previously [28].
Briefly, liver tissue (20 ± 5 mg) was homogenized in 900 µL of chloroform:methanol:water
(1:3:1, v/v/v) and 100 µL internal standard mixture using a Precellys tissue homogenizer
(Bertin Instruments, Montigny-le-Bretonneux, France) with three cycles of 30 s at 6500 rpm
with 30 s break between cycles. The samples were centrifuged (10 min, 20 ◦C, 16,000× g)
and supernatant was transferred to a new tube. Another 800 µL of extraction solvent were
added to the samples and the process was repeated. Combined supernatant (1600 µL)
was evaporated using a Genevac EZ-2 (SP Scientific, Warminster, PA, USA) and the dried
samples resuspended in 200 µL methanol:water (1:1, v/v). Then, 3 µL was injected into a
liquid chromatrography–tandem mass spectrometry system, consisting of an Agilent 1290
UPLC coupled to an Agilent 6490 triple quadrupole mass spectrometer with an electrospray
ionization source (Agilent Technologies, Basel, Switzerland). The bile acid analytes were
separated using a reversed-phase column (Acquity UPLC BEH C18, 1.7 mm, 2.1 mm,
150 mm; Waters, Wexford, Ireland).

4.5. Total RNA Extraction and qPCR

Total RNA was isolated from the liver tissues using the Qiagen RNeasy MiniKit and
QIAcube instrument according to the manufacturer’s protocol (SABioscience, Frederick,
MD, USA). The quality and concentration of RNA was determined using a Nanodrop™
one C (Cat#13-400-519, Thermo Fisher Scientific, Waltham, MA, USA). Only samples with
a 260 nm to 280 nm ratio between 1.9 and 2.1 and a 260 nm to 230 nm ratio between 1.5 and
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2.0 were further processed. cDNA was synthesized using GoScript Reverse Transcriptase
(Cat#A5003, Promega, Madison, WI, USA). The KAPA SYBR Fast Kit (Cat# SFUKB, Merck,
Darmstadt, Germany) was used for qPCR analysis, and the reactions were performed on a
Rotor Gene real-time cycler (Corbett Research, Sydney, New South Wales, Australia). The
data were normalized to the expression levels of the endogenous control gene β-actin. The
primers are listed in Supplementary Table S1.

4.6. Protein Expression/Western Blot

Approximately 7 mg of frozen liver tissues were homogenized (6500 rpm, 30 s, 4 ◦C,
Precellys 24 tissue homogenizer) in 450 µL RIPA buffer (50 mM Tris-HCl, pH 8.0, with
150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium do-
decyl sulfate) containing protease inhibitor cocktail (Cat#11836153001, Merck, Darmstadt,
Germany) and centrifuged (4 min, 4 ◦C, 16,000× g). Protein concentration in supernatants
was measured using standard bicinchoninic acid assay (Pierce BCA Protein Assay Kit,
Thermo Fisher Scientific). The samples were heated (5 min at 95 ◦C) in Laemmli solubi-
lization buffer (LSB; 60 mM Tris-HCl, 10% glycerol, 0.01% bromophenol blue, 2% sodium
dodecyl sulfate, pH 6.8, and 5% β-mercaptoethanol) and 20 µg of total protein were sepa-
rated by 8–14% SDS-PAGE and transferred to PVDF membranes (Immobilon-P Membran,
PVDF, pore size: 0.45 µm). The membranes were blocked (1 h, 25 ◦C) in TBST containing
5% nonfat dry milk (5% nonfat dry milk powder in 20 mM Tris-HCl with 0.1% Tween-20)
or 1% bovine serum albumin (in 20 mM Tris-HCl with 0.1% Tween-20). AKR1D1 protein
expression was determined using mouse monoclonal anti-AKR1D1 antibody (1:1000, 4 ◦C,
overnight). The washed membranes were incubated with HRP-conjugated secondary goat
anti-mouse antibody (1:4000, 25 ◦C, 1 h). BSEP protein expression was analyzed using a
rabbit polyclonal anti-BSEP antibody [42] (1:4000, 4 ◦C, overnight). The membrane was
washed and incubated with HRP-conjugated secondary goat anti-rabbit antibody (1:4000,
25 ◦C, 1 h). OATP1A1 protein expression was determined using a rabbit polyclonal anti-
OATP1A1 antibody [43] (1:1000, 4 ◦C, overnight) and HRP-conjugated secondary goat
anti-rabbit antibody (1:4000, 25 ◦C, 1 h). Protein levels of NTCP were measured using
rabbit polyclonal anti-NTCP antibody [44] (1:1000, 4 ◦C overnight) and HRP-conjugated
secondary goat anti-rabbit antibody (1:4000). LMNB1 served as loading control and was
detected using rabbit monoclonal anti-LMNB1 antibody (1:1000, 4 ◦C, overnight) followed
by HRP-conjugated secondary goat anti-rabbit antibody (1:2000, 25 ◦C, 1 h). Protein
bands were visualized by Immobilon Western Chemiluminescence HRP substrate and
semi-quantitatively analyzed by densitometry, normalized to LMNB1 protein levels, using
Image J software (RRID:SCR_003070, version 1.53n).

4.7. Data Analysis and Statistics

For LC-MS/MS data, MassHunter Acquisition Software (Agilent Technologies, Inc.,
Santa Clara, CA, USA) and MassHunter Quantitative Analysis vB.07.01 (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA) were used for quantification. The Kruskal–Wallis test
and Dunn’s multiple comparison were used to analyze significance of differences between
groups. Grubbs’ test was performed to determine outliers. Statistical significance was
established at p < 0.05. Statistical analysis and graphs were performed using GraphPad
Prism v5.02 (GraphPad Software, Inc., San Diego, CA, USA).

5. Conclusions

This work applied LC-MS/MS to quantify bile acids in serum and liver tissue samples
of mice infected with E. multilocularis in the absence or presence of the parasitostatic drug
ABZ. The results revealed decreased unconjugated bile acids and unchanged or increased
taurine-conjugated bile salts in the serum, suggesting the use of ratios of unconjugated
to taurine-conjugated metabolites as markers for AE and to monitor therapeutic efficacy.
Gene expression analyses showed decreases in bile acid synthesis enzymes and in key
transport proteins. ABZ, which did not substantially affect bile acid homeostasis itself,
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reversed the observed effects on serum and liver tissue bile acids and on gene expression.
Follow-on studies need to uncover the exact mechanism underlying the observed effects
and to evaluate the bile acid ratio markers in AE and its treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11070442/s1: Table S1: Optimized MRM transitions used as quantifiers and qualifiers,
electrospray ionization (ESI) mode (positive (+) or negative (-)), and collision energies (CE); Table S2:
Oligonucleotide primers for mRNA quantification by qPCR; Figure S1: Concentrations of individual
bile acids quantified in serum of mice from the four treatment groups; Figure S2: Concentrations
of individual bile acids quantified in liver tissue of mice from the four treatment groups; Figure S3:
Increased ratios of taurine-conjugated to unconjugated bile acids in AE in serum; Figure S4: Increased
ratios of taurine-conjugated to unconjugated bile acids in AE in liver tissue; Figure S5: Effect of AE
on mRNA expression levels of additional bile acid transporters.
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Abstract

Background

Echinococcus multilocularis causes alveolar echinococcosis (AE), a rising zoonotic disease

in the northern hemisphere. Treatment of this fatal disease is limited to chemotherapy using

benzimidazoles and surgical intervention, with frequent disease recurrence in cases without

radical surgery. Elucidating the molecular mechanisms underlying E. multilocularis infec-

tions and host-parasite interactions ultimately aids developing novel therapeutic options.

This study explored an involvement of unfolded protein response (UPR) and endoplasmic

reticulum-stress (ERS) during E. multilocularis infection in mice.

Methods

E. multilocularis- and mock-infected C57BL/6 mice were subdivided into vehicle, albenda-

zole (ABZ) and anti-programmed death ligand 1 (αPD-L1) treated groups. To mimic a

chronic infection, treatments of mice started six weeks post i.p. infection and continued for

another eight weeks. Liver tissue was then collected to examine inflammatory cytokines and

the expression of UPR- and ERS-related genes.

Results

E. multilocularis infection led to an upregulation of UPR- and ERS-related proteins in the

liver, including ATF6, CHOP, GRP78, ERp72, H6PD and calreticulin, whilst PERK and its

target eIF2α were not affected, and IRE1α and ATF4 were downregulated. ABZ treatment in

E. multilocularis infected mice reversed, or at least tended to reverse, these protein expres-

sion changes to levels seen in mock-infected mice. Furthermore, ABZ treatment reversed

the elevated levels of interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α and interferon
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(IFN)-γ in the liver of infected mice. Similar to ABZ, αPD-L1 immune-treatment tended to

reverse the increased CHOP and decreased ATF4 and IRE1α expression levels.

Conclusions and significance

AE caused chronic inflammation, UPR activation and ERS in mice. The E. multilocularis-

induced inflammation and consecutive ERS was ameliorated by ABZ and αPD-L1 treat-

ment, indicating their effectiveness to inhibit parasite proliferation and downregulate its

activity status. Neither ABZ nor αPD-L1 themselves affected UPR in control mice. Further

research is needed to elucidate the link between inflammation, UPR and ERS, and if these

pathways offer potential for improved therapies of patients with AE.

Author summary

Alveolar echinococcosis (AE) is a zoonotic disease, characterized by chronic progressive

hepatic damage caused by the continuous tumor-like proliferation of the larval stage

(metacestode) of the fox tapeworm Echinococcus multilocularis. Treatment of this fatal

disease is limited to surgical intervention, preferably radical curative surgery if possible,

and the use of parasitostatic benzimidazoles. It is not yet fully understood how the parasite

can remain in the host’s tissue for prolonged periods, complicating the development of

therapeutic applications. This work investigated an involvement of the unfolded protein

response (UPR) and endoplasmic reticulum-stress (ERS) during E. multilocularis infec-

tion and upon treatment with either albendazole (ABZ) or anti-programmed death

ligand-1 (αPD-L1) in mice. The results revealed increased expression levels of the ERS

sensor ATF6 and of downstream target genes in liver tissue of E. multilocularis- compared

to mock-infected mice. Additionally, hexose-6-phosphate dehydrogenase (H6PD), gener-

ating NADPH within the endoplasmic reticulum, and the lectin-chaperone calreticulin

were increased in E. multilocularis infected liver tissue while the expression of the ERS

associated genes ATF4 and IRE1α were decreased. The observed gene expression changes

were at least partially reversed by ABZ treatment, which also reduced the AE-induced

increase of the inflammatory cytokines IL-1β, IL-6, TNF-α and IFN-γ. PD-L1 blockade

reversed the AE-induced changes of UPR and ERS associated proteins CHOP, ATF4 and

IRE1α. Further investigation is needed to elucidate the link between inflammation and

ERS in human patients with AE and whether modulation of these pathways may lead to

improved therapy.

Introduction

Alveolar echinococcosis (AE) is a severe helminth disease caused by accidental ingestion of

eggs from the fox tapeworm Echinococcus multilocularis [1,2]. After an incubation period of 5

up to 15 years without perceivable symptoms, AE has a fatal outcome in up to 90% of cases

when left untreated [3–5]. AE is characterized by a slow but progressive tumor-like growth of

metacestodes (larval stage) mainly in the liver, with a tendency to spread to various organs like

spleen, brain, heart and other tissues such as bile ducts and blood vessels [6–8]. The variable

clinical outcomes of AE development depend on the immunological status, and the specific

immunological profile with T cell exhaustion seems to play an important role in the estab-

lished tolerance state in chronic AE [9–11].
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Treatment by radical surgical resection is limited by the diffuse infiltrations of AE lesions in

liver and other tissues in advanced cases [12,13]. If lesions cannot be completely removed by

surgery, a lifelong medication is required, usually using benzimidazoles, which can cause

adverse side effects. For example, several cases with hepatotoxic effects due to treatment with

the benzimidazole albendazole (ABZ) were reported with various outcomes [14–17]. An inad-

equate adherence to chemotherapy, due to adverse side effects, and development of resistance

can explain the relapsing spread of AE and a worsening general condition of patients with

severe E. multilocularis infiltrations [11,18,19]. Recent experiments using mice indicated a

requirement of functional T cell immunity for efficient treatment of AE with ABZ [20]. Con-

sidering these circumstances, the rising number of reported cases of AE especially in Europe

and the lack of a curative drug treatment, emphasizes the necessity to further investigate the

mechanisms underlying this threat and search for improved therapeutic options [21–26].

Several bacteria and viruses have been described to modulate unfolded protein response

(UPR) and endoplasmic reticulum stress (ERS), either by bacterial virulence factors such as

toxins (e.g. cholera toxin, pore-forming toxins) or by the increased demand of newly synthe-

sized proteins for the production of virions [27–32]. Activation of the UPR via an induction of

glucose-regulated protein 78 (GRP78) has previously been shown in cells infected with

Human immunodeficiency virus (HIV) [31,33], Dengue virus (DENV) [34], West Nile virus
(WNV) [35] or Human cytomegalovirus (HCMV) [36]. Moreover, facilitated replication of

viruses and immune evasion represent key features following UPR activation by Mouse hepati-
tis virus (MHV) [37] and Herpes simplex virus 1 (HSV-1) [38]. On the other hand, an ERS-

induced upregulation of UPR-related genes was linked with an enhanced production of pro-

inflammatory cytokines in monocytes and B-cells [39–41]. A modulation of the UPR pathway

was reported not only during viral but also bacterial infections. Legionella pneumophila infec-

tion led to an inhibition of X-box binding protein 1 (XBP1) splicing in mammalian host cells,

thereby suppressing the host UPR pathway [42]. Mycobacterium tuberculosis was found to

induce ERS, indicated by increased CCAAT/enhancer-binding protein homologous protein

(CHOP) and GRP78 protein levels in infected macrophages, leading to host cell apoptosis.

Decreased levels of phosphorylated eukaryotic initiation factor 2α (eIF2α) in infected cells

were associated with enhanced bacterial survival [43].

However, to date the knowledge of pathogen-induced ERS and UPR activation is incom-

plete; it is mainly limited to bacterial and viral infections and little is known on extracellular

pathogens. A modulation of the host’s UPR with an upregulation of CHOP was observed in

Toxoplasma gondii infected cells, leading to apoptosis of host cells [44]. Another study in a

mouse model provided evidence that Plasmodium berghei exploits the host’s UPR machinery

for its survival [45]. However, the involvement of ERS and UPR activation in E. multilocularis
infection has not been studied in detail to our knowledge.

Several studies revealed a functional interaction between UPR/ERS signaling and the

expression of microRNAs (miRs), small non-coding single stranded RNAs (17–24 nucleotides)

that regulate the post-transcriptional levels of mRNAs by inhibiting their translation to pro-

teins [46,47]. Silencing of miRs was found to be involved in ERS signaling and miRs act as

effectors and modulators of the UPR and ERS pathways [48]. The miRs, isolated from human

specimen, including urine, saliva, serum and tissues, are considered as biomarkers of several

immune pathologies such as cancer, autoimmune diseases and viral or bacterial infections

[49–55]. A recent study revealed miR-125b-5p to be elevated in the plasma of AE patients [56].

Furthermore, recent investigations provided evidence for a role of some miRs in the regulation

of UPR signaling, with miR-181a-5p and miR-199a-5p shown to suppress the UPR master reg-

ulator GRP78 [48,57,58]. On the other side, UPR pathways also can affect the expression of

some miRs, as shown by inositol-requiring enzyme 1α (IRE1α) that cleaves anti-apoptotic
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miR-17, miR-34a, miR-96 and miR-125b, preventing them from negatively regulating the

expression of caspase 2 and thioredoxin-interacting protein [59,60]. In addition, the activation

of protein kinase R (PKR)-like ER kinase (PERK) induces the expression of miR-30c-2-3p,

which downregulates XBP1, representing a possible negative crosstalk between PERK and

IRE1α [61]. Boubaker et al. [62] recently described a murine miR signature in response to

early stage, primary E. multilocularis egg infection where the expression of several miRs was

either decreased or increased in AE-infected compared to mock-infected mice.

The present study addressed how the expression of UPR- and ERS-related genes was

affected in liver tissue in a mouse model of chronic E. multilocularis infection and whether

alterations in miRs might be involved. Moreover, the effect of ABZ and αPD-L1 treatment on

UPR and ERS pathways as well as on levels of proinflammatory cytokines in the liver were

assessed. A better understanding of a contribution of proteins of the UPR and ERS pathways

in the context of infectious diseases is of interest regarding the development of improved ther-

apeutic strategies to cope with parasitic infections [63–65].

Materials and methods

Ethics statement

Animals were housed according to the Federation of European Laboratory Animal Science

Association (FELASA) guidelines. The animal studies were performed in compliance with the

recommendations of the Swiss Guidelines for the Care and Use of Laboratory Animals. The

protocol used for this work was approved by the governmental Commission for Animal Exper-

imentation of the Canton of Bern (approval no. BE112/17).

Chemicals and reagents

Polyvinylidene difluoride (PVDF) membranes (Cat# IPVH00010, pore size: 0.45 μm), Immo-

bilon Western Chemiluminescence horseradish-peroxidase (HRP) substrate kit, radioimmu-

noprecipitation assay (RIPA) buffer, β-mercaptoethanol, HRP-conjugated goat anti-mouse

secondary antibody (Cat# A0168, RRID:AB_257867), rabbit polyclonal anti-hexose-6-phos-

phate dehydrogenase (H6PD) antibody (Cat# HPA004824, RRID:AB_1079037), protease

inhibitor cocktail, dNTPs, and KAPA SYBR FAST qPCR kit (Cat# KK4618) were purchased

from Merck (Darmstadt, Germany). RNeasy Mini kit and QIAcube were obtained from Qia-

gen (Venlo, Netherlands), GoScript reverse transcriptase (Cat# A5003) from Promega (Fitch-

burg, WI, USA), rabbit monoclonal anti-Lamin B1 antibody (Cat# ab133741, RRID:

AB_2616597) and rabbit polyclonal anti-phospho (S724) IRE1α antibody (Cat# ab48187,

RRID:AB_873899) from Abcam (Cambridge, UK) and mouse monoclonal anti-GRP78 anti-

body (Cat# 610978, RRID:AB_398291) from BD Bioscience (Franklin Lakes, NJ, USA). HRP-

conjugated goat anti-rabbit secondary antibody (Cat# 7074, RRID:AB_2099233), mouse

monoclonal anti-CHOP antibody (Cat# 2895, RRID:AB_2089254), rabbit polyclonal anti-cal-

reticulin (CRT) antibody (Cat# 2891, RRID:AB_2275208), rabbit polyclonal anti-eIF2α anti-

body (Cat# 9722, RRID:AB_2230924), rabbit monoclonal anti-ATF4 antibody (Cat# 11815,

RRID:AB_2616025), rabbit monoclonal anti-ATF6 antibody (Cat# 65880, RRID:

AB_2799696), rabbit monoclonal anti-phospho (S51) eIF2α antibody (Cat# 3597, RRID:

AB_390740), and rabbit monoclonal anti-XBP1-s antibody (Cat# 12782S, RRID:AB_2687943)

were purchased from Cell Signaling (Cambridge, UK). Mouse monoclonal anti-PERK anti-

body (Cat# sc-377400, RRID:AB_2762850), anti-IRE1α antibody (Cat# sc-390960, RRID: N/

A) and anti-ERp72 antibody (Cat# sc-390530, RRID: N/A) were obtained from Santa Cruz

Biotechnology (Dallas, TX, USA). Pierce bicinchoninic acid protein assay kit, Nanodrop One

C (Cat# 13-400-519), and Trizol total RNA isolation reagent and rabbit monoclonal anti-
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phospho (T980) PERK antibody (Cat# MA5-15033, RRID:AB_10980432) were purchased

from Thermo Fisher Scientific (Waltham, MA, USA). Precellys-24 tissue homogenizer was

purchased from Bertin Instruments (Montigny-le-Bretonneux, France). Primers for real-time

quantitative polymerase chain reaction (RT-qPCR) were obtained from Microsynth (Balgach,

Switzerland). TaqMan microRNA Assays, snoRNA234, TaqMan microRNA reverse transcrip-

tion kit (Cat# 4366596), TaqMan fast advanced master mix (Cat# 4444556), TaqMan probes

(Cat# 4427975, Assay IDs 000468, 000389, 000398, 000470, 121135_mat, 000416, 000417, and

001234) and ViiA 7 real-time PCR system (Cat# 4453545) were purchased from Applied Bio-

systems (Foster City, CA, USA). The mouse luminex cytokine kits and the BioPlex-200 plat-

form were purchased from BioRad Labrotories, Cressier, Switzerland. Rat monoclonal anti-

PD-L1 antibody (αPD-L1, Cat# BE0101, RRID:AB_10949073) was purchased from BioXCell

(Lebanon, NH, USA). Rabbit polyclonal anti-calnexin (CNX) antibody (Cat# SAB4503258,

RRID:AB_10746486) and all other reagents were purchased from Sigma-Aldrich (St. Louis,

MO, USA).

Animal experimentation and sampling

Animal experimentation, liver tissue extraction and corresponding liver tissue samples were

previously described [10]. Briefly, female 8-week-old wild type C57BL/6 mice were randomly

distributed into 6 groups with 6 animals per group: 1) mock-infected (corn oil treated) control

mice (referred to as “CTRL”); 2) E. multilocularis infected, vehicle treated mice (referred to as

“AE”); 3) E. multilocularis infected, ABZ-treated mice (referred to as “AE-ABZ”); 4) mock-

infected, ABZ-treated mice (referred to as “ABZ”); 5) E. multilocularis infected, αPD-L1

treated mice (referred to as “AE-αPD-L1”); and 6) mock-infected, αPD-L1-treated mice

(referred to as “αPD-L1”) (S1 Fig). All animals were housed under standard conditions in a

conventional daylight/night cycle room with access to feed and water ad libitum and in accor-

dance with the Federation of European Laboratory Animal Science Association (FELASA)

guidelines. During the experimental period animals were examined weekly for subjective pres-

ence of health status and changes in weight. At the end of the experiment the mice were eutha-

nized by CO2 and liver tissue was resected followed by immediate freezing in liquid nitrogen

and storage at -80˚C until use. Parasitic structures were visible only in the liver of some of the

infected mice, and the upper part from the left lobe of the liver (1.5 × 1.5 cm) was collected,

irrespective of the presence or absence of parasite lesions.

Parasite preparation and secondary infection of mice by intraperitoneal

administration

Infection with E. multilocularis by i.p. injection was conducted as previously described [10].

Briefly, E. multilocularis (isolate H95) was extracted and maintained by serial passages in

C57BL/6-mice. Aseptic removal of infectious material from the abdominal cavity of infected

animals was used for continuation of AE in mice. Collected tissue was grinded through a ster-

ile 50 μm sieve, roughly 100 vesicular cysts were suspended in 100 μL sterile PBS and adminis-

trated via intraperitoneal injection to group 2 (“AE”), 3 (“AE-ABZ”) and 5 (“AE-αPD-L1”).

Mice of the mock-infected groups 1 (“CTRL”), 4 (“ABZ”) and 6 (“αPD-L1”) received 100 μL of

sterile PBS.

Treatment

As described earlier [10], treatment of mice started 6 weeks after initial infection and contin-

ued for another 8 weeks (S1 Fig). Mice of the groups 1 and 2 (“CTRL”, “AE”, respectively)

received 100 μL PBS by i.p. injection twice/week and 100 μL corn oil orally 5 times/week. Mice
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of group 3 and 4 (“AE-ABZ” and “ABZ”, respectively) received 100 μL corn oil containing

ABZ (200 mg/kg body weight) orally five times/week and 100 μL PBS by i.p. injection twice/

week. Mice of group 5 and 6 (“AE-αPD-L1” and “αPD-L1”, respectively) received αPD-L1

antibody in 100 μL PBS via i.p. injection twice/week (200 μg/injection) and 100 μL corn oil

orally 5 times/week. At end of treatment all mice were euthanized.

Luminex for quantification of hepatic cytokine levels

Cytokine levels in mouse liver samples were assessed undiluted using microsphere-based mul-

tiplex assays according to the manufacturer’s instructions; concentrations of the following

cytokines were measured: IL-1β, IL-6, TNF-α and INF-γ, using mouse luminex cytokine kits

(BioRad Labrotories, Cressier, Switzerland). At least 50 beads per analyte were measured on a

Bioplex-200 platform (BioRad). Calibration was performed using BioPlex Manager version

4.1.1 by linear regression analysis using the four lowest standards provided by the manufac-

turer. If measured cytokine concentrations were below the detection limit, a value correspond-

ing to the detection limit of the assay was used for statistical analysis.

Analysis of protein expression by Western blotting

The procedures for liver sample preparation and Western blotting have been previously

described [66]. Briefly, liver samples (approximately 7 mg) were homogenized (30s, 6500 rpm,

at 4˚C, using a Precellys-24 tissue homogenizer) in 450 μL RIPA buffer (50 mM Tris-HCl, pH

8.0, with 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sul-

fate) containing protease inhibitor cocktail and centrifuged (4 min, 16,000 × g, 4˚C). Protein

concentration was measured by a standard bicinchoninic acid assay (Pierce BCA Protein

Assay Kit). Samples were boiled (5 min at 95˚C) in Laemmli solubilization buffer (60 mM

Tris-HCl, 10% glycerol, 0.01% bromophenol blue, 2% sodium dodecyl sulfate, pH 6.8, 5% β-

mercaptoethanol). The protein extract (20 μg) was separated by 7.5–14% SDS-PAGE and blot-

ted on PVDF membranes. The membranes were blocked (1 h, room temperature) in

TBST-BSA, (20 mM Tris buffered saline with 0.1% Tween-20, 1% bovine serum albumin). All

primary and secondary antibody dilutions and incubations were performed in TBST-BSA. For

the detection of primary antibodies raised in rabbit, secondary HRP-conjugated goat anti-rab-

bit antibody was used. Primary antibodies raised in mouse were detected by HRP-conjugated

goat anti-mouse antibody. Primary antibodies were incubated at 4˚C over-night. Secondary

antibodies were applied at room temperature for 1 h. Protein content was visualized by Immo-

bilon Western Chemiluminescence HRP substrate. Protein bands were quantified by densi-

tometry normalized to Lamin B1 protein levels using ImageJ software (version 1.53n). The

applications of primary and secondary antibodies can be found in S1 Table.

Quantification of mRNA by RT-qPCR

Liver samples were prepared as described recently [10]. Total RNA was isolated from liver tis-

sue (approximately 8 mg) by homogenization (30 s, 6500 rpm, 4˚C; Precellys-24 tissue homog-

enizer) in 350 μL RLT buffer (RNeasy Mini Kit) supplied with 40 mM dithiothreitol, followed

by centrifugation (3 min, 16 000 × g, 4˚C). The supernatant was further processed according

to the manufacturer’s protocol for RNA isolation from animal tissues and cells using QIAcube.

RNA quality and concentration was analyzed using Nanodrop One C. 1000 ng of RNA was

transcribed into cDNA using GoScript Reverse Transcriptase. KAPA SYBR FAST Kit was

used for RT-qPCR (4 ng of cDNA per reaction in triplicates, 40 cycles) analysis, and reactions

were performed using a Rotor Gene Real-Time Cycler (Corbett Research, Sydney, New South

Wales, Australia). Data was normalized to the expression levels of the endogenous control
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gene β-actin. Comparison of gene expression was performed using the 2-ΔCT-method using

β-actin as housekeeping gene [67]. Primers used for RT-qPCR are listed in S2 Table.

Extraction and quantification of miRNA by qPCR

Total RNA was extracted from liver tissues using Trizol total RNA isolation reagent and RNA

concentration quantified using Nanodrop One C. TaqMan microRNA assays were used to

quantify mature miR expression. SnoRNA234 was used as endogenous control of miR expres-

sion. Thus, miR-specific reverse transcription was performed for each miR using 10 ng of puri-

fied total RNA and the TaqMan MicroRNA Reverse Transcription kit according to the

manufacturer’s instructions. Reactions with a volume of 15 μL were incubated for 30 min at

16˚C, 30 min at 42˚C, and 5 min at 85˚C to inactivate the reverse transcriptase. RT-qPCR

using the TaqMan Fast Advanced Master Mix and the TaqMan microRNA Assay Mix accord-

ing to the manufacturer’s instructions were run in triplicates at 95˚C for 10 min followed by 40

cycles at 95˚C for 15 s and 60˚C for 1 min. Quantitative miR expression data were acquired

and analyzed using the ViiA 7 real-time PCR system.

MicroRNA target predictions

By using the online tools TargetScan Release 7.2 (Whitehead institute, Cambridge, MA, USA,

RRID:SCR_010845, [68]), RNA22 Version 2 (Thomas Jefferson University, Philadelphia, PA,

USA, RRID:SCR_016507, [69]) and miRDB (MicroRNA Target Prediction Database, RRID:

SCR_010848) [70], we screened the 3’-untranslated region (3’UTR) of the genes altered in the

AE compared to the control group, i.e. ATF4, CHOP, ERp72, IRE1α ATF6, H6PD, GRP78

and calreticulin (S3 Table), for the presence of potential miR binding sites. The selection of the

miRs was based on the study by Boubaker et al. reporting 28 miRs with significantly altered

expression levels in mice after primary E. multilocularis infection compared to non-infected

mice. Referring to S3 Table, only miRs showing a potential target site in the 3’UTR of our

genes of interest were analyzed by qPCR (i.e. miR-15a-5p, miR-148a-3p, miR-22-3p, miR-30a-

3p, miR-30a-5p, miR-146a-5p, miR-1839-5p).

Statistical analyses

Data are presented as mean ± SD. The significance of the differences between the examined

animals were determined by Kruskal-Wallis test followed by Dunn’s Multiple Comparison

post-test or one-way ANOVA followed by Bonferroni Multiple Comparison post-test, whereby

the specific test is indicated in the Figure legend. No outliers were excluded. �P�0.05;
��P�0.01; ���P�0.001 significantly different as indicated. GaphPad Prism software (version

8.0.2, GraphPad, La Jolla, CA, USA) was used for statistical analysis.

Results

Mouse model of chronic E. multilocularis infection

This study employed the secondary murine AE infection model with i.p. inoculation of E. mul-
tilocularis metacestode tissue suspension, mimicking a chronic infection, and used samples

from a previous investigation [10]. In this model, parasite proliferation mainly occurs in the

peritoneal cavity, and the previous histopathology analysis detected parasitic structures only in

some livers of infected mice but revealed immune cell infiltration in all of them [10]. The effi-

cacy of treatment with ABZ and αPD-L1 was shown by a decreased parasite weight in the peri-

toneum and reduced hepatic immune cell infiltration.
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Effects of AE on the expression of proteins related to UPR and ERS

pathways

As the present knowledge on the modulation of UPR and ERS pathways by extracellular para-

sitic infections is limited, this study examined the expression of key proteins related to these

pathways in liver tissues of mice i.p. infected with E. multilocularis. The E. multilocularis infec-

tion resulted in differential effects on the expression of proteins of the different UPR and ERS

branches. GRP78, the master regulator of UPR that is common to all branches, tended to be

elevated with 2.7-fold higher levels (Figs 1A, 1G and S2). Among the PERK pathway, ATF4

protein levels were significantly decreased in liver tissue of AE mice compared to mock-

infected controls, whereas the expression of PERK itself and its target protein eIF2α were not

affected by E. multilocularis infection (Fig 1B and 1G). Accordingly, the phosphorylation of

eIF2α remained unchanged (Fig 1B–1G) while phosphorylation of PERK could not be

detected. However, the most pronounced effects were observed for ERS related proteins of the

ATF6 branch of the UPR (Fig 1C–1G). The levels of all three proteins analyzed were elevated

in the AE group, whereby the luminal chaperone and protein disulfide isomerase ERp72 and

the ERS marker CHOP were 2.0-fold and 4.5-fold increased and ATF6 was 2.2-fold higher

than levels in the control group. IRE1α protein expression was decreased by about 3-fold in E.

multilocularis infected compared to control mouse liver tissues and IRE1α phosphorylation

tended to be lower in E. multilocularis infected mice (Fig 1D–1G). Since our available antibody

was unable to properly detect XBP1 and amount of samples were limited, the expression of

XBP1 and its spliced form (XBP1-s) were assessed on the mRNA level instead, which did not

reveal significant differences between the treatment groups (S3 Fig).

Additional proteins with a role in ER-redox regulation and ERS include the ER resident lec-

tin chaperones CNX and CRT. Whilst CNX protein levels were unaffected by E. multilocularis
infection, CRT protein expression was significantly increased in AE mice compared to con-

trols (Fig 1E–1G). Additionally, the expression levels of the luminal NADPH-generating

enzyme H6PD were determined, revealing a 2.6-fold higher expression in AE compared to

control mice (Fig 1F and 1G).

Treatment with ABZ reverses the effects of AE on proteins involved in UPR

and ERS

Treatment of AE mice with 200 mg/kg body weight ABZ (AE-ABZ group), five times per week,

has been shown previously to effectively reduce parasite weight without any signs of hepatotox-

icity due to drug treatment [10]. In the present study, the same treatment regimen resulted in a

reversal of the E. multilocularis induced alterations of UPR and ERS related protein expression

(Fig 1). Also, the effects on the ER chaperones CNX and the NADPH-generating H6PD were

reversed by ABZ treatment. An exception was CHOP that was still upregulated in ABZ treated

infected mice. Importantly, ABZ did not cause any significant alterations in the expression of

these proteins compared to uninfected, mock-treated control mice (CTRL) (Fig 1). PERK pro-

tein levels tended to be increased in ABZ treated but uninfected animals (Fig 1); however, this

did not reach significance due to high variance in the detected signals.

Increased miR-146a-5p and miR-1839-5p expression in secondary E.

multilocularis infection and reversal by ABZ treatment

Boubaker et al. [62], using a primary E. multilocularis infection mouse model, identified sev-

eral miRs with altered expression in liver tissues from infected mice. In the present study, the

miRs that were significantly altered in the study by Boubaker et al. [62] and that possess a
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Fig 1. Effect of E. multilocularis infection on the expression of proteins involved in UPR and ER redox functions. Western blotting and semi-quantitative

analysis by densitometry (graphs of densitometry data are shown in S2 Fig) of protein/phospho-protein levels of A) GRP78, B) PERK, eIF2α, p-eIF2α and

ATF4, C) ATF6, CHOP, and ERp72, D) IRE1α and p-IRE1α, E) CNX and CRT, and F) H6PD in mock-infected control mice (CTRL), E. multilocularis
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potential 3’UTR binding site in at least one of the targets investigated in the present work (S3

Table) were quantified by qPCR in our secondary E. mulitilocularis infection model.

The analysis of the seven mouse miRs miR-148a-3p, miR-15a-5p, miR-22-3p, miR-146a-

5p, miR-1839-5p, miR-30a-5p and miR-30a-3p revealed significantly higher levels of miR-

1839-5p and miR-146a-5p in liver tissue samples of E. multilocularis infected mice (AE) com-

pared to control animals (CTRL) (2.2-fold and 2.9 -fold, respectively, AE vs CTRL; S3 Fig).

The other miRs remained either unchanged or showed a weak trend to be elevated (S4 Fig).

Importantly, ABZ treatment reversed the elevated miR-1839-5p levels in AE mice to that seen

in CTRL animals or even lower (2.0-fold and 4.1-fold, respectively, AE vs AE-ABZ). ABZ treat-

ment in uninfected mice tended to decrease miR-1839-5p and miR-146a-5p expression levels

(S3 Fig). Because miR-1839-5p is significantly increased and its predicted target IRE1α
decreased in AE compared to CTRL mice, we highlighted the complementary sequence of

miR-1839-5p in the 3’UTR of IRE1α (S3 Fig).

Elevation of inflammatory cytokines due to E. multilocularis infection is

reversed by ABZ treatment

A previous study has shown that immune modulatory treatment of AE in mice by PD-L1

blockade using antibodies successfully reduces parasite weight and inflammatory markers,

such as IL-1β, IL-6, TNF-α and INF-γ [10]. In the same study, ABZ was shown to decrease the

parasite weight even more than αPD-L1 treatment did, yet cytokines were not assessed. To

potentially link inflammation to our current observations regarding UPR and ERS pathways,

we measured the cytokines in liver samples of our present mouse model. Fig 2 shows that IL-

1β, IL-6, TNF-α and INF-γ are all elevated in mice infected with E. multilocularis compared to

non-infected control mice, reaching significance for IL-1β and INF-γ. Treatment with ABZ

successfully reduced all the inflammatory markers back to the levels detected in non-infected

control mice and itself did not alter the levels of these cytokines.

Antibody-mediated blockade of PD-L1 reverses the effects of AE on key

proteins of the UPR branches

To see whether αPD-L1 treatment ameliorates the effects of AE on UPR and ERS, we investi-

gated the expression levels of proteins related to the three UPR branches by Western blotting.

Due to the limited amount of samples, we could only investigate selected key proteins, based

on the changes shown in Fig 1. The protein levels of ATF4 from the PERK branch and IRE1α
from the IRE1 branch were decreased in mice infected with E. multilocularis compared to

non-infected control mice (Figs 1 and 3), and αPD-L1 treatment reversed both ATF4 and

IRE1α expression levels. Similarly, the increased levels of CHOP from the ATF6 branch were

reversed back to levels seen in control mice.

Discussion

Recent studies on viral, bacterial and intracellular parasitic infections emphasize the impor-

tance of the UPR and ERS pathways in pathogen-induced diseases [27–29,71,72]. Activation of

infected mice (AE), infected mice treated with ABZ (AE-ABZ) or uninfected mice treated with ABZ (ABZ). One representative blot (of two) containing

samples from three different mice is shown. Lamin B1 served as loading control. G) Bands corresponding to the respective protein/phospho-protein were

analyzed by densitometry (animals per group n = 6). Numbers represent the expression of protein/phospho-protein levels normalized to those of the control

(CTRL) group (mean ± SD). Significantly decreased protein/phospho-protein levels are highlighted in red and increased levels in blue. Symbols indicate

significant differences (p�0.05) between groups: �, compared to CTRL; §, compared to ABZ; #, compared to AE-ABZ. No outliers were detected/excluded.

Non-parametric, Kruskal-Wallis test followed by Dunn’s Multiple Comparison post-test.

https://doi.org/10.1371/journal.pntd.0009192.g001
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the UPR, a specific form of ERS triggered by an accumulation of unfolded or misfolded pro-

teins within the ER, can be mediated by three branches, represented by the ER transmembrane

stress sensor proteins ATF6, PERK and IRE1α [73–81] (Fig 4). In non-stressed cells, these pro-

teins remain in an inactive state, bound to the luminal chaperone GRP78. Upon activation,

GRP78 is released to support luminal protein folding, followed by the activation of ATF6,

PERK and IRE1α and their downstream targets such as eIF2α, ATF4, XBP1 and CHOP in

order to mediate the stress responses [82–84].

Our current results revealed a pronounced induction of ATF6 in livers of mice infected

with E. multilocularis. The PERK branch was less active, indicated by the downregulation of

ATF4 and the unchanged protein levels of PERK, eIF2α and unchanged eIF2α phosphoryla-

tion. A phosphorylation of PERK was not detectable. The IRE1α branch also was less active

since IRE1α protein and phosphorylation levels were lower or tended to be lower in E. multilo-
cularis infected mice. The decreased ATF4 levels in livers of infected animals suggest that the

observed upregulation of CHOP is mainly caused by enhanced ATF6 activity. CHOP, well-

known as a mediator of apoptosis, was previously found to play an important role in the

Fig 2. Albendazole decreases proinflammatory cytokine levels in the liver that were elevated by E. multilocularis
infection. Cytokine levels of IL1β, IL6, TNFα, and IFNγ in liver tissue samples of mock-infected control mice (CTRL),

E. multilocularis infected mice (AE), infected mice treated with ABZ (AE-ABZ) or uninfected mice treated with ABZ

(ABZ) (animals per group n = 6). No outliers were detected/excluded. Non-parametric, Kruskal-Wallis test followed by

Dunn’s Multiple Comparison post-test. �P�0.05; ��p�0.01; ���p�0.001.

https://doi.org/10.1371/journal.pntd.0009192.g002
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Fig 3. Effect of E. multilocularis infection and αPD-L1 treatment on the expression of proteins involved in UPR.

Western blotting and semi-quantitative analysis by densitometry of protein levels of ATF4, CHOP, and IRE1α in

mock-infected control mice (CTRL), E. multilocularis infected mice (AE), infected mice treated with αPD-L1 (AE-

αPD-L1) or uninfected mice treated with αPD-L1 (αPD-L1) (animals per group n = 6). One representative blot (of

two) containing samples from three different mice is shown. Lamin B1 served as loading control (animals per group

n = 6). Densitometry results represent data from the two blots on samples from six mice (mean ± SD), normalized to

Lamin B1 control and with CTRL set as 1. No outliers were detected/excluded. Non-parametric, Kruskal-Wallis test

followed by Dunn’s Multiple Comparison post-test. �P�0.05; ��p�0.01; ���p�0.001.

https://doi.org/10.1371/journal.pntd.0009192.g003
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efficient expansion of the intracellular fungus Histoplasma capsulatum [85]. Following infec-

tion, an increase in CHOP levels led to augmented apoptosis of macrophages, thus suppressing

the host’s defense and contributing to the virulence of this particular pathogen. Another study,

using intestinal epithelial cell lines, showed a direct effect of heat-labile enterotoxins of Escheri-
chia coli on the induction upregulation of CHOP, which led to an accelerated apoptosis of the

host cells [86]. Thus, the upregulation of CHOP in murine hepatocytes during E. multilocularis
infection might similarly promote parasitic growth.

In contrast to the pro-apoptotic UPR mediator CHOP, the protein levels of the PERK target

ATF4 were significantly decreased in livers of E. multilocularis infected compared to mock-

infected mice. This differs from a previous study on human cutaneous leishmaniasis where

both CHOP and ATF4 were found to be upregulated [87]. Decreased ATF4 levels were

recently described as a mechanism of acquired resistance to cope with a limited availability of

amino acids in cancer cells [88]. Unrestricted tumor growth requires a high demand of nutri-

ents and has been associated with a depletion of essential amino acids in the tumor tissue. Sim-

ilar metabolic perturbations and adaptive responses may occur in patients with hepatic AE. A

recent study summarizing analyses of serum samples from E. multilocularis infected and

Fig 4. Schematic overview of ERS signaling pathways under basal and E. multilocularis infection stressed conditions. The ER chaperone GRP78 binds to

unfolded luminal proteins and dissociates from the three major ERS sensors: A) ATF6, B) IRE1α and C) PERK. A) Loss of GRP78 binding leads to the

translocation of ATF6 to the Golgi apparatus, where it is cleaved by proteases. The cleaved form of ATF6 translocates into the nucleus to act as a transcription

factor for ER chaperons (e.g. ERp72) and ERS related genes. B) ERS promotes IRE1α dimerization and autophosphorylation, which activates the

endoribonuclease activity resulting in the splicing and thereby activation of XBP1. XBP1-s promotes the expression of ERAD related genes and chaperones (e.g.
GRP78). C) Activation of PERK is initiated by dimerization and self-phosphorylation. Activated PERK phosphorylates eIF2α, leading to eIF2α-mediated

inhibition of global protein translation in order to decrease the luminal protein load. Besides, phosphorylated eIF2α increases the transcription of ATF4, which

in turn upregulates expression of genes related to cell homeostasis restoration. If prolonged ERS occurs and pro-adaptive UPR fails, ATF4 induces genes

(including CHOP) leading to apoptosis. During ERS, increased levels of miR-1839-5p potentially control the expression of the IRE1α gene, which contains a

predicted target site in its 3’-UTR for this miR, thereby affecting the cellular ERS response. By suppressing the propagation of E. multilocularis infection,

through yet poorly defined molecular mechanisms, ABZ and αPD-L1 treatment decrease inflammation and ERS.

https://doi.org/10.1371/journal.pntd.0009192.g004
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healthy adults (group size: n = 18) revealed decreased levels of branched-chain amino acids

such as leucine, isoleucine and valine along with lowered levels of serine and glutamine in sam-

ples from infected patients [89]. In contrast, the aromatic amino acids tyrosine and phenylala-

nine were increased, together with glutamate. Thus, the observed decrease in ATF4 expression

may be a response to adapt the amino acid availability in the situation of parasitic growth.

Similar to ATF4, the IRE1α protein expression and phosphorylation levels were decreased

or tended to be lower in liver tissues of AE mice. The reason of the decreased IRE1α expression

in E. multilocularis infected mice and the underlying mechanism remain unclear. IRE1

enzymes are transmembrane proteins exhibiting Ser/Thr protein kinase and endoribonuclease

activities and acting as major ERS sensors [90,91]. There are two IRE1 isoforms in mammals:

the ubiquitously expressed IRE1α and IRE1β which is predominantly expressed in the intes-

tine and lung [92]. Further analysis of the liver resident IRE1α showed that the decreased pro-

tein expression in E. multilocularis infected mouse livers is supported by a trend of lower

mRNA levels along with an increased expression of miR-1839-5p that has a target site in the

3’UTR of IRE1α as predicted by the computer-based programs Targetscan [68] and RNA22

[69]. Additionally, we found enhanced miR-146a-5p in livers of infected mice. An earlier

study in primary dermal fibroblasts provided evidence for a downregulation of miR-146a-5p

by IRE1-dependent cleavage in response to UPR activation [93]. Thus, the elevated miR-146a-

5p may be due to decreased IRE1α activity in E. multilocularis infected mice. Furthermore,

proinflammatory cytokines were found to induce miR-146a-5p [94], suggesting an upregula-

tion of this miR in AE due to the hepatic inflammation.

An extensive analysis of miRs altered in livers of mice after primary infection with E. multi-
locularis by Boubaker et al. [62] identified several miRs with altered expression levels, includ-

ing miR-1839-5p and miR-146a-5p. An increase of miR-1839-5p and miR-146a-5p in the

primary as well as in the secondary infection mouse models suggests that these two miRs may

represent potential biomarkers of AE; however, for this purpose they will need to be robustly

detected and quantified in blood samples. In this respect, a recent study showed elevated miR-

125b-5p levels in plasma of patients with AE [56], supporting the potential use of miRs as bio-

markers of AE. Furthermore, Luis et al. reported an association of several circulating miRs,

including miR-146a-5p, with ERS and organ damage in a model of trauma hemorrhagic shock

[95]. Moreover, Wilczynski et al. reported increased miR-146a expression levels in tumor tis-

sues of patients with ovarian cancer [96]. The advanced AE resembles a tumorigenic situation

with alterations in the microenvironment and immune responses. Thus, follow-on research

should address whether miR-146a-5p and miR-1839-5p can serve as serum biomarkers of AE

and AE-dependent inflammation.

Besides the UPR, the ER-associated degradation (ERAD) is an important quality control

machinery to cope with ER stressors. ERAD plays a crucial role in the degradation of termi-

nally misfolded proteins by retro-translocating them from the ER to the cytoplasm for deglyco-

sylation and ubiquitination and subsequent proteasomal degradation [97,98]. Prior to ERAD,

misfolded proteins undergo repeated cycles of re-folding by the assistance of several ER-resi-

dent chaperones including lectins such as CRT and CNX, protein disulfide isomerase family

members like ERp72 and ERp57 as well as members of the heat shock protein 70 family (e.g.

GRP78) [99–102]. The elevated expression of CRT together with GRP78 and ERp72 indicates

a higher demand for protein folding capacity in the ER in livers from infected mice. This was

accompanied by an elevated demand for NADPH redox equivalents in the ER and/or an

enhanced need for the products of the ER pentose phosphate pathway as indicated by the ele-

vated H6PD expression. H6PD was found to promote cancer cell proliferation and the modu-

lation of its expression affected GRP78, ATF6 and CHOP, emphasizing its role in ERS

regulation [103].
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Importantly, treatment with the parasitostatic benzimidazole ABZ and the immune-modu-

latory αPD-L1, which both were shown to decrease the weight of parasitic cysts in the perito-

neal cavity of i.p. E. multilocularis infected mice [10], reversed the observed effects on UPR

and ERS pathways and on associated ERAD and ER redox genes. Furthermore, these treat-

ments reduced the hepatic inflammation caused by E. multilocularis infection as indicated by

the reversal of the increased levels of proinflammatory cytokines in the AE-ABZ group. Our

previous study, using the same infection model, showed that most mice had infiltrating para-

sitic structures in their liver [10]. As the concentrations of the four inflammatory cytokines

showed considerable inter-individual variation, we comparatively analyzed whether this varia-

tion was associated with the presence or absence of parasitic structures in the liver, but found

no correlation. Importantly, in the absence of infection, neither ABZ nor αPD-L1 affected any

of the investigated ER related targets, emphasizing their favorable safety profile regarding ERS

related adverse effects.

ABZ acts as an intracellular tubulin inhibitor, preventing metacestode formation [104], and

it leads to a loss of integrity in the germinal layer and a reduction in metacestode mass [105].

Rodents inoculated with E. multilocularis material from ABZ treated patients, compared to

inoculation with samples from untreated patients, exhibited decreased larval development

[106]. At high concentrations, ABZ leads to a collapse of the alveolar architecture of the para-

site, partially dissolving the laminated layer, followed by an invasion of the lesion with host

inflammatory cells, such as histiocytes, lymphocytes, neutrophils and eosinophils [107]. A

reduction of the width of the laminated layer upon ABZ therapy was found both in mice [108]

and humans [109]. In the present study, we also observed a reduction of parasite mass.

A degradation of the laminated layer may contribute to the observed increase of small parti-

cles of E. multilocularis in and around the lesion, such as sinusoids, vessels and lymph follicles,

which may influence the immune reaction [110]. Ricken et al. [109] showed an overall increase

in the number of immune cells during the course of ABZ treatment in human AE patients.

This suggests that the non-specific immune reaction is activated at the begin of ABZ treatment,

with an increase in macrophages and granulocytes; and this response is shifted towards a spe-

cific immune response dominated by B and plasma cells, which does, however, not eliminate

the infection. Therefore, ABZ treatment may activate the host immune system by reducing the

parasite’s immunosuppressive functions. Furthermore, by reducing the metabolism of the

metacestode during ABZ treatment and dissolution of the laminated layer, more parasite anti-

gens are exposed and detected by the immune system, and this likely leads to a more specific

immune response [109].

Together, this suggests that the mechanisms of ABZ and αPD-L1 are different. Inhibition of

the PD-L1 pathway rather contributes to T cell activity by increasing CD4+/CD8+ effector T

cells and decreasing regulatory T cells, and it has also the capacity to restore dendritic cells and

Kupffer cells/macrophages and to suppresses NKT and NK cells, which leads to an improved

control of E. multilocularis infection in mice.

In conclusion, the present study showed that E. multilocularis infection led to a modulation

of the UPR, characterized by an activation of the ATF6-branch with an upregulation of CHOP

along with decreased ATF4 and IRE1α protein levels and an increase of miR-1839-5p and

miR-146a-5p. Future studies should evaluate whether these miRs can be quantified in blood

samples and whether they could act as biomarkers of E. multilocularis infection and to report

treatment efficacy. ABZ, the most commonly used drug to treat human AE in the clinics, as

well as αPD-L1 treatment ameliorated the effects of E. multilocularis infection on ER related

genes. The fact that ABZ and immune-modulatory αPD-L1 treatment both decreased the ele-

vated levels of proinflammatory cytokines and reversed the effects of E. multilocularis infection

on UPR and ERS pathways, indicates a correlation between inflammation and UPR/ERS in
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AE. How immune therapy and interventions in the UPR/ERS pathways could ameliorate AE

warrants further investigations.
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S1 Table. Antibodies and corresponding dilutions.

(DOCX)

S2 Table. Primers used for RT-qPCR.

(DOCX)

S3 Table. Prediction of miR target sites.

(DOCX)

S1 Fig. Schematic overview of the experimental setup. Animals were divided into six groups:

CTRL(n = 6), AE(n = 6), AE-ABZ(n = 6), ABZ(n = 6), AE-αPD-L1(n = 6) and αPD-L1(n = 6). CTRL,

ABZ and αPD-L1 mice received an intraperitoneal administration of 100 μL PBS. AE,

AE-ABZ and AE-αPD-L1 mice were infected intraperitoneally with E. multilocularis metaces-

tode suspension containing approximately 100 vesicular cysts resuspended in 100 μL PBS.

Treatment started 6 weeks after infection. CTRL and AE mice received 100 μL corn oil orally 5

times per week and 100 μL PBS intraperitoneally twice per week for another 8 weeks. AE-ABZ

and ABZ mice received ABZ (200 mg/kg body weight) in 100 μL corn oil orally 5 times per

week and 100 μL PBS intraperitoneally twice per week for 8 weeks. AE-αPD-L1 and αPD-L1

mice received αPD-L1 antibody in 100 μL PBS intraperitoneally twice per week (200 μg/injec-

tion) and 100 μL corn oil orally 5 times per week. All animals were sacrificed at the end of

treatment. Smart Servier Medical Art, smart.servier.com, was used to draw the figure.

(TIF)

S2 Fig. Graphs of densitometry data of the effect of E. multilocularis infection on the

expression of proteins involved in UPR and ER redox functions. Semi-quantitative analysis

by densitometry of protein/phospho-protein levels of GRP78, PERK, eIF2α, p-eIF2α, and

ATF4, ATF6, CHOP, and ERp72, IRE1α and p-IRE1α, calnexin, calreticulin, and H6pd in

mock-infected control mice (CTRL), E. multilocularis infected mice (AE), infected mice

treated with ABZ (AE-ABZ) or uninfected mice treated with ABZ (ABZ) (animals per group

n = 6). Densitometry results represent data from two blots on samples from six mice

(mean ± SD), normalized to Lamin B1 control and with CTRL set as 1. No outliers were

detected/excluded. Non-parametric, Kruskal-Wallis test followed by Dunn’s Multiple Com-

parison post-test. �P�0.05; ��p�0.01; ���p�0.001.

(TIF)

S3 Fig. IRE1α, XBP1 and XBP1-s mRNA, as well as miR-1839-5p and miR-146a-5p levels

upon E. multilocularis infection and ABZ treatment. Top: IRE1α, XBP1 and XBP1-s mRNA

and miR-1839-5p and miR-146a-5p levels in mock-infected control mice (CTRL n = 6), E. mul-
tilocularis infected mice (AE n = 6), infected mice treated with ABZ (AE-ABZ n = 6) or unin-

fected mice treated with ABZ (ABZ n = 6). mRNA levels were normalized to β-actin and miR

levels to Sno234. Results represent mean ± SD. No outliers were detected/excluded. One-way

ANOVA test followed by Bonferroni Multiple Comparison post-test was applied to assess sig-

nificance. Bottom: Nucleotide sequence of the murine IRE1α mRNA including the 3’-UTR.

The start and stop codon of the IRE1α CDS are indicated in bold and the miR-1839-5p bind-

ing site is highlighted by red and bold letters. �P�0.05; ��p�0.01; ���p�0.001.

(TIF)
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S4 Fig. E. multilocularis infection does not affect miR-15a-5p, miR-148a-3p, miR-22-3p,

miR-30a-3p and miR-30a-5p expression levels. miR-15a-5p, miR-148a-3p, miR-22-3p, miR-

30a-5p and miR-30a-3p levels, in mock-infected, mock-treated mice (CTRL n = 6) and E. multi-
locularis infected mock-treated mice (AE n = 6). Results represent mean ± SD. No outliers were

excluded. Two-tailed unpaired t-test was applied to test significance.

(TIF)

S1 File. Raw data of Western blotting used to produce graphs and figures.

(PDF)
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4. Ritler D, Rufener R, Li JV, Kämpfer U, Müller J, Bühr C, et al. In vitro metabolomic footprint of the Echi-

nococcus multilocularis metacestode. Sci Rep. 2019; 9(1):1–13. https://doi.org/10.1038/s41598-018-

37186-2 PMID: 30626917

5. Schweiger A, Ammann RW, Candinas D, Clavien P-A, Eckert J, Gottstein B, et al. Human Alveolar

Echinococcosis after Fox Population Increase, Switzerland. Emerg Infect Dis. 2007; 13(6):878–82.

https://doi.org/10.3201/eid1306.061074 PMID: 17553227

PLOS NEGLECTED TROPICAL DISEASES ER-stress induced by E. multilocularis

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009192 January 14, 2022 17 / 23
158

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009192.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009192.s008
https://doi.org/10.1128/AAC.00553-08
https://doi.org/10.1128/AAC.00553-08
http://www.ncbi.nlm.nih.gov/pubmed/18625777
https://doi.org/10.1371/journal.pntd.0005801
http://www.ncbi.nlm.nih.gov/pubmed/28715408
https://doi.org/10.1186/s12879-019-4274-y
https://doi.org/10.1186/s12879-019-4274-y
http://www.ncbi.nlm.nih.gov/pubmed/31340769
https://doi.org/10.1038/s41598-018-37186-2
https://doi.org/10.1038/s41598-018-37186-2
http://www.ncbi.nlm.nih.gov/pubmed/30626917
https://doi.org/10.3201/eid1306.061074
http://www.ncbi.nlm.nih.gov/pubmed/17553227
https://doi.org/10.1371/journal.pntd.0009192


6. Kantarci M, Bayraktutan U, Karabulut N, Aydinli B, Ogul H, Yuce I, et al. Alveolar echinococcosis:

spectrum of findings at cross-sectional imaging. Radiographics. 2012; 32(7):2053–70. Epub 2012/11/

15. https://doi.org/10.1148/rg.327125708 PMID: 23150858.

7. Kayacan SM, Vatansever S, Temiz S, Uslu B, Kayacan D, Akkaya V, et al. Alveolar echinococcosis

localized in the liver, lung and brain. Chin Med J (Engl). 2008; 121(1):90–2. Epub 2008/01/23. PMID:

18208675.

8. Niu F, Chong S, Qin M, Li S, Wei R, Zhao Y. Mechanism of Fibrosis Induced by Echinococcus spp.

Diseases. 2019; 7(3). https://doi.org/10.3390/diseases7030051 PMID: 31409055

9. Wang J, Jebbawi F, Bellanger A-P, Beldi G, Millon L, Gottstein B. Immunotherapy of alveolar echino-

coccosis via PD-1/PD-L1 immune checkpoint blockade in mice. Parasite Immunology. 2018; 40(12):

e12596. https://doi.org/10.1111/pim.12596 PMID: 30315719

10. Jebbawi F, Bellanger AP, Lunstrom-Stadelmann B, Rufener R, Dosch M, Goepfert C, et al. Innate and

adaptive immune responses following PD-L1 blockade in treating chronic murine alveolar echinococ-

cosis. Parasite Immunol. 2021; 43(8):e12834. Epub 2021/03/24. https://doi.org/10.1111/pim.12834

PMID: 33754355.

11. Wen H, Vuitton L, Tuxun T, Li J, Vuitton DA, Zhang W, et al. Echinococcosis: Advances in the 21st

Century. Clin Microbiol Rev. 2019; 32(2). Epub 2019/02/15. https://doi.org/10.1128/CMR.00075-18

PMID: 30760475; PubMed Central PMCID: PMC6431127.
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8 SUPPLEMENTARY INFORMATION 
 

Table S1. Steroids mentioned in this thesis in the context of androgen synthesis [5, 
280]. 

Name in this thesis Other name Chemical name CAS Nr. 

17OH-Allopregnanolone 17β-Hydroxyallopregnanolone 5α-pregnane-3α,17α-diol-
20-one 6890-65-9 

17OH-Dihydroprogesterone 17β-Hydroxydihydroprogesterone 5α-pregnane-17α-ol-3,20-
dione 570-59-2 

17OH-Pregnenolone 17β-Hydroxypregnenolone 5-pregnen-3β,17α-diol-20-
one 387-79-1 

17OH-Progesterone 17β-Hydroxyprogesterone 4-pregnen-17α-ol-3,20-
dione 68-96-2 

3α-Adiol 3α-Androstanediol 5α-androstane-3α,17β-diol 1852-53-5 

3α-ADT (3α-)Androsterone 3α-hydroxy-5α-androstan-
17-one 53-41-8 

3β-Adiol 3β-Androstanediol 5α-androstane-3β,17β-diol 571-20-0 

3β-ADT (3β-)Epiandrosterone 3β-hydroxy-5α-androstan-
17-one 481-29-8 

5α-Androstanedione  5a-androstane-3,17-dione 846-46-8 

5α-DHT (5α-)Dihydrotestosterone 5α-androstan-17β-ol-3-one 521-18-6 

Allopregnanolone  5α-pregnane-3α-ol-20-one 516-54-1 

Androstenediol  5-androsten-3β,17β-diol 521-17-5 

Androstenedione  4-androsten-3,17-dione 63-05-8 

Cholesterol  Cholest-5-en-3β-ol 57-88-5 

DHEA Dehydroepiandrosterone 5-androsten-3β-ol-17-one 53-43-0 

Dihydroprogesterone  5α-pregnane-3,20-dione 566-65-4 

Isopregnanolone  5α-pregnane-3β-ol-20-one 516-55-2 

Pregnenolone  5-pregnen-3β-ol-20-one 145-13-1 

Progesterone  4-pregnen-3,20-dione 57-83-0 

Testosterone  4-androsten-17β-ol-3-one 58-22-0 
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Table S2. Primers used for site directed mutagenesis and cloning. 

Use Direction Sequence (5’ - 3’) 
Inactivating mutation 

(Y176F) Forward CCA TAC TTG GAG ACA CAG AAG CCT CCT ACA AAG AAA G 

Inactivating mutation 
(Y176F) Reverse CTT TCT TTG TAG GAG GCT TCT GTG TCT CCA AGT ATG G 

Silent mutation to 
remove restriction 

site (g234a) 
Forward AGA CGT CTG ACA GGC TGG AAA CGG TGA CCC TGG AT 

Silent mutation to 
remove restriction 

site (g234a) 
Reverse ATC CAG GGT CAC CGT TTC CAG CCT GTC AGA CGT CT 

Cloning into pDSG-
IBA103: Forward AGC GCG TCT CCA ATG TGG CTC TAC CTG GC 

Cloning into pDSG-
IBA103: Reverse AGC GCG TCT CCT CCC GAC TGC CTG GGC TGG 

Cloning into pDSG-
IBA103 with stop in 
front of the Twin-

Strep-tag: 

Reverse AGC GCG TCT CCT CCC CTA GAC TGC CTG GGC TGG 
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Table S3. Proposed hits of the virtual screening.

ZINC_ID 2D Structure Consensus score 
(kcal/mol) 17B6

Consensus score 
(kcal/mol) 17B1

ZINC000072320548 -20.4 -17.0

ZINC000899435119 -19 -18.1

ZINC000003849669 -18.9 -18.0

ZINC000790527981 -18.7 -18.2

ZINC000004061141 -18 -15.5

ZINC000846581806 -17.9 -16.7

ZINC000349031459 -17.8 -16.0
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ZINC000617818752 -17.7 -17.9

ZINC000617804938 -17.2 -16.6

ZINC001361460958 -17.1 -16.5

ZINC000613799024 -17.1 -15.3

ZINC000169294805 -17.0 -15.1

ZINC000664468770 -17.0 -15.1

ZINC000615350795 -17.0 -14.4

ZINC000701499841 -17.0 -15.8
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ZINC_ID 2D Structure Consensus score 
(kcal/mol) 17B6

Consensus score 
(kcal/mol) 17B1

ZINC000008615740 -21.5 -18.3

ZINC000004983567 -21.3 -17.7

ZINC000006468568 -21.3 -18.1

ZINC000006175885 -21.2 -19.3

ZINC000005029545 -21.1 -17.9

ZINC000004983563 -21.1 -18.5

ZINC000006200052 -21.1 -19.2
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ZINC000006469390 -21.1 -18.6

ZINC000104366884 -21.1 -18.4

ZINC000104115404 -21.0 -19.5

Correlation  of consensus score of HSD17B6 and HSD17B1
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