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Abbreviations 

AGR2   Anterior gradient 2 protein homolog 

AE   Alveolar echinococcosis 

ABZ   Albendazole 

BA   Bile acids  

BioID    Proximity-dependent biotin identification 

CBX   Carbenoxolone 

CNX   Calnexin 

CRT   Calreticulin 

Co-IP   Co-immunoprecipitation 

CORT   Corticosterone  

E. Mulitilocularis Echinococcus multilocularis 

ER   Endoplasmic reticulum 

ERAD   Endoplasmic-reticulum-associated protein degradation 

ERS   Endoplasmic reticulum stress 

Glu   Glucose 

Gly   Glycine 

G6P   Glucose-6-phosphate 

G6PD   Glucose-6-phosphate dehydrogenase 

G6S   Glucose-6-sulfate 

G6PT   Glucose-6-phosphate translocase / Glucose-6-phosphate transporter 

GSH   Glutathione (reduced) 

GSSG   Glutathione (oxidized) 

H6PD   Hexose-6-phosphate dehydrogenase  

HSD   Hydroxysteroid dehydrogenase  

IP   Immunoprecipitation 

NADPH  Dihydronicotinamide-adenine dinucleotide phosphate (reduced) 

NADP+  Dihydronicotinamide-adenine dinucleotide phosphate (oxidized) 

MS / LC-MS  Mass spectrometry / Liquid chromatography–mass spectrometry 

PDI   Protein disulfide isomerase 

PPI   Protein-protein interaction 

PPP   Pentose phosphate pathway 

RMF   Rossmann fold  

SDR   Short-chain dehydrogenase/reductase 

Tau   Taurine 

UPR    Unfolded protein response 

6PGL   6-phosphogluconolactone 

11β-HSD1  11β-hydroxysteroid dehydrogenase type 1 

11β-HSD2  11β-hydroxysteroid dehydrogenase type 2 

11-DHC  11-dehydrocorticosterone 
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1 Summary  

The endoplasmic reticulum (ER) is a multifunctional organelle, responsible for a variety of 

cellular functions such as protein synthesis and folding, calcium storage, lipid and steroid 

synthesis and carbohydrate metabolism. In addition, the ER is dynamic in nature and its 

morphologically fluidity is influenced by various factors such as the cell cycle and cell type. 

The complexity of all tasks carried out by the ER requires a plethora of proteins and conditions 

which differ from other cellular compartments.  

In the last decades, efforts were made to understand the mechanisms underlying luminal 

processes. New findings indicate that the ER consists of different structural (sub-) domains and 

several proteins associated with these subdivided compartments were identified. However, 

many questions remain unanswered with respect to luminal functions and compartmental 

interrelations and therefore the ER is still considered as a poorly studied cellular organelle. 

The aim of this thesis was to improve the comprehension of luminal processes in mammalian 

cells. The main focus was the examination of the physiological and molecular role of the only 

known source of NADPH in the ER, hexose-6-phosphate dehydrogenase (H6PD). NADPH, 

generated by luminal H6PD, is needed as cofactor for reduction reactions such as the 

interconversion of inactive glucocorticoid cortisone to active cortisol by luminal  

11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1). However, besides its interaction with 

11β-HSD1 and its role as a NADPH generating enzyme, little is known about H6PD.  

Therefore, the first project of this thesis was aimed at the elucidation of the interactome of 

luminal H6PD. In order to tackle this task, we applied the BioID approach, a recently introduced 

method to screen for protein-protein interactions (PPI) by proximity biotinylation. We were not 

only able to demonstrate the functionality of this new tool for luminal applications but also to 

reveal potential novel interactors of H6PD. One of the identified hits, anterior gradient 2 protein 

homolog (AGR2), a member of the protein disulfide isomerase (PDI) family, seemed to directly 

interact with H6PD in MCF7 cells. Our results further indicated that AGR2 has an impact on 

H6PD activity and H6PD protein expression, which directly affects the luminal pool of reduced 

phosphorylated pyridine nucleotides.  

The second project was dedicated to develop a better understanding of ER stress (ERS) in the 

context of parasitic infections. Since the ER represents the major site of synthesis and folding 

of proteins in eukaryotic cells, it is essential that the luminal folding machinery and protein 

transport systems, which facilitate crossing the ER membrane, function efficiently. 

Disturbances regarding folding of polypeptides can lead to an accumulation of misfolded 

proteins in the ER lumen and therefore induce ERS and, as consequence, the activation of the 

unfolded protein response (UPR). Various diseases have been shown to be associated with ERS, 

and therefore the potential to identify druggable targets of UPR-related process would be of 

interest to the pharmaceutical industry. In the second project, we examined whether an infection 

by the fox tapeworm Echinococcus multilocularis causes ERS in mice. We could demonstrate 

that the expression levels of several proteins of the activating transcription factor 6 alpha 

(ATF6) branch of the UPR were significantly upregulated upon E. multilocularis infection in 

mice compared to non-infected animals. Protein expression levels of inositol-requiring protein 

1 alpha (IRE1α), a major sensor of ERS and regulator of the UPR, and activating transcription 
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factor-4 (ATF4) were found to be significantly decreased in mice upon infection compared to 

the non-infected group. In contrast, increased protein expression levels of H6PD and ER 

resident chaperone calreticulin (CRT) were detected after E. multilocularis infection. 

Furthermore, we demonstrate that treatment of infected animals using the anthelmintic drug 

albendazole (ABZ) (partially) restored protein expression levels back to the baseline of non-

infected animals.  

Following up this finding, we focused on alterations of bile acid (BA) profiles upon E. 

multilocularis infection in mice. Since selected BA and their corresponding ratios are 

considered as potential biomarkers for several diseases, we were interested whether parasitic 

infection, caused by E. multilocularis, alters the BA concentrations in infected animals. In the 

third project of the presented thesis, we showed that infected animals exhibited significantly 

lower unconjugated primary and secondary BA levels in serum compared to non-infected 

animals. Moreover, taurocholic acid (TCA) and tauro-β-muricholic acid (TβMCA), two 

taurine-conjugated BA were found at significantly higher serum concentrations when compared 

to the non-infected group. Regarding the expression of hepatic BA transporters, we found 

decreased mRNA and protein expression levels for the bile salt export pump (BSEP) and Na+-

taurocholate co-transporting polypeptide (NTCP) upon E. multilocularis infection, which could 

be a result of inflammation due to the parasite proliferation in the liver. Finally, restored BA 

and protein expression levels were observed following ABZ treatment of infected animals, 

showing the effectiveness of this drug.  

The fourth project aimed to identify novel biomarker(s) to assess 11β-HSD1 activity. By the 

examination of different BA (-ratios) we found that the ratio of ursodeoxycholyltaurine (UDC-

Tau) to 7-oxolithocholyltaurine (7oxo-Tau) represents a suitable biomarker to detect decreased 

11β-HSD1 activity. The applicability of the presented biomarker was confirmed in four 

independent mouse models and the application of pharmacological 11β-HSD1 inhibitor 

carbenoxolone (CBX).  

In summary, the four projects in this thesis improve our understanding of ER-related processes. 

The PDI family member AGR2 was found to interact with H6PD in MCF7 cells. Furthermore, 

modulation of H6PD activity by AGR2 was shown. In the context of a better understanding of 

ERS, we were able to demonstrate that E. multilocularis infection alters BA profiles and induces 

ERS. The latter aspect provides evidence that ERS- and UPR-modulating therapies may be used 

to treat E. multilocularis infection. Finally, to address the problem of detecting 11β-HSD1 

activity in vivo, we analyzed BA (ratios) in multiple mouse models. In doing so, we identified 

a novel, robust biomarker to assess the enzymatic activity of this pivotal player in steroid 

metabolism.    
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2 Preface  

This thesis is divided into three main parts, dealing with the physiological and molecular role 

of H6PD and ER related processes. The four manuscripts in this work outline different projects 

I contributed to, which are not directly interlinked.  

The first part focuses on the elucidation of the interactome of H6PD by the application of BioID, 

a recently introduced application for proximity labeling.  

The second part is devoted to a better understanding of the UPR upon ERS induced by parasitic 

infection. Linked to this approach I was involved in a project where we analyzed alterations in 

BA profiles upon Echinococcus multilocularis infection in mice, to evaluate whether  

BA (ratios) may be used as biomarkers to detect the specific parasitic infection. 

The third and final part focuses on defining the applicability of measuring BA (ratios) as 

biomarkers to assess enzymatic activity of 11β-HSD1, an enzyme known to interact with H6PD. 

The findings of this project were recently published in the British Journal of Pharmacology 

(BJP).  
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3 Introduction 

3.1 Endoplasmic reticulum dependent physiological processes 

The endoplasmic reticulum (ER) is the largest and most multifunctional organelle in eukaryotic 

cells (Phillips and Voeltz, 2016). Consisting of a widespread dynamic network of membranous 

tubules and sacs, the ER is found in different shapes and forms, depending on cell cycle state 

and cell type (Puhka et al., 2007). The ER is generally divided into different subdomains such 

as the smooth ER (SER) and the rough ER (RER), and the fractions which are either linked to 

the nuclear envelope or in contact with organelles such as the Golgi complex (Voeltz et al., 

2002; Schwarz and Blower, 2016) and the mitochondria (Marchi et al., 2014; Lee and Min, 

2018).  

The RER, dotted with ribosomes, represents the site where a notable fraction of newly 

synthesized proteins enter into the ER (Hebert and Molinari, 2007). Translocation of signal 

sequence containing nascent polypeptides is followed by their folding and quality control. Once 

freshly synthesized proteins enter the ER, a wide variety of luminal chaperones such as 

calreticulin (CRT), calnexin (CNX) or glucose-regulated protein 78 (GRP78) and members of 

the protein disulfide isomerase (PDI) family, for instance protein disulfide-isomerase A3 

(ERP57) and protein disulfide-isomerase A4 (ERP72), facilitate their correct arrangement 

(Halperin et al., 2014; Okumura et al., 2015). Simultaneously, glycosylation of Asn, Ser or Thr 

residues of nascent polypeptides is performed (Xu and Ng, 2015). Before exiting the ER, 

incorrectly folded or modified proteins undergo a sophisticated quality control system to ensure 

proper arrangement of the polypeptide chain and therefore protein function. However, proteins 

that fail quality control are transported to the cytosol and targeted proteasomal degradation 

following lysine ubiquitination (Setz et al., 2013). Finally, correctly folded and modified 

proteins exit the ER and are transported to their subcellular destination (Benham, 2012). In 

contrast to proteins produced by free ribosomes in the cytosol, proteins synthesized in the ER 

lumen are mainly destined to either be secreted or directed towards endosomes, lysosomes or 

the plasma membrane (Andrews and Tata, 1971; Sandoval and Bakke, 1994; King et al., 2020).  

In contrary to the RER, the SER lacks ribosomes and is generally considered to play an 

important role in the regulation of calcium homeostasis, metabolism of carbohydrates, and the 

synthesis of fatty acids, lipids and steroids (Schonthal, 2012; Sanvictores and Davis, 2020).  

Cell type dependent estimates for luminal calcium concentrations range from 10 µM to 1 mM, 

whereas the concentration of calcium ions in the cytosol is considered to be somewhere between 

10 nM and 300 nM. Furthermore, it is assumed that the Ca2+ concentration in the extracellular 
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milieu is about 104 fold higher than in the cytosol (Mattson et al., 2000; Samtleben et al., 2013; 

Segal and Korkotian, 2014; Raffaello et al., 2016; Bagur and Hajnoczky, 2017). Low Ca2+ 

levels in the cytoplasm are maintained by the activity of the plasma membrane Ca2+ transport 

ATPase (PMCA) and the sodium calcium exchanger (NCX). In contrast, the sarco/endoplasmic 

reticulum Ca2+ - ATPase (SERCA) is responsible for the active transport of Ca2+ from the 

cytosol to the ER lumen and therefore the comparatively high luminal Ca2+ concentrations 

(Brini and Carafoli, 2011). Ca2+, released from the ER acts as a second messenger and 

modulates various Ca2+-dependent cytosolic proteins, such as phosphatases, ion channels and 

kinases and thereby several cellular processes such as proliferation and development of organs 

(Hribkova et al., 2018; Paudel et al., 2018).  

Besides its role in Ca2+ homeostasis, the SER is known to be involved in the synthesis of (very) 

long-chain fatty acids ((V)LCFAs). Several ER proteins are involved in the synthesis of LCFAs, 

such as 17β-hydroxysteroid dehydrogenase type 12 (17β-HSD12), elongase (1-7) of LCFA 

(ELOVL1-7), 3-hydroxyacy-CoA dehydratases (1-4) (HACD1-4) and trans-2,3-trans-enoyl-

CoA reductase (TER) (Tsachaki et al., 2020). Numerous indications point to an important 

function of LCFAs in cancer. The ER as site of synthesis of LCFAs is thus assigned an essential 

role in this context (Marin de Mas et al., 2018; Rossi Sebastiano and Konstantinidou, 2019). 

Moreover, the ER is a workhorse in the biosynthesis of steroids. Cholesterol is the precursor of 

the five main steroid hormone classes: the mineralcorticoids, glucocorticoids, estrogens, 

androgens and progestanes. A multitude of enzymes involved in cholesterol homeostasis and 

steroid metabolism are harbored in the ER, which highlights the importance of the ER in steroid 

homeostasis and endocrine regulation (Field et al., 1998; Black et al., 2002).  

Last but not least, the ER contains a large number of cytochrome P450 (CYP) enzymes involved 

in the metabolism and detoxification of endogenous compounds, as well as xenobiotics, 

including drugs and carcinogens (Manikandan and Nagini, 2018). These biotransformation 

reactions are usually classified as phase I and phase II reactions. Phase I reactions are roughly 

summarized into three intramolecular modifications: hydrolysis, oxidation and reduction; 

whereas phase II reactions consist of conjugation reactions such as acetylation, glucuronidation 

and sulfatation (Iyanagi, 2007; Wu et al., 2011)  

This non-exhaustive list of ER functions summarize the importance of this organelle. However, 

many roles of the ER remain unclear and further investigations of this poorly understood 

cellular compartment are urgently needed. 
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3.1.1 Hexose-6-phosphate dehydrogenase 

Besides the features already mentioned in the previous chapter, the ER has an autonomous 

luminal pyridine nucleotide pool, which is independent from other compartments such as the 

cytosol (Piccirella et al., 2006; Legeza et al., 2013). Pyridine nucleotides such as NAD(P)(H) 

are well known for their role as cofactors in various reactions. However, new evidence suggests 

that pyridine nucleotides and their ratio of the corresponding oxidized and reduced species 

affect numerous cellular functions including ion channel regulation, cell signaling and redox 

status (Nakamura et al., 2012; Wang et al., 2019). The nonexistence of directed pyridine 

nucleotide transport into the ER lumen and the inability of these cofactors to cross the ER 

membrane (in either oxidized or reduced state) by simple diffusion, indicates that an internal 

pyridine nucleotide production system in the ER lumen is indispensable (Piccirella et al., 2006).  

Luminal H6PD represents the only characterized enzyme capable of de novo generation of the 

reduced form of the phosphorylated pyridine nucleotide NADPH. H6PD reduces NADP+ in the 

course of the conversion of glucose-6-phosphate (G6P) to 6-phosphogluconate (6PG) (Fig. 1). 

Luminal NADPH is utilized by the bidirectional enzyme 11β-HSD1, to convert physiologically 

inactive cortisone or 11-dehydrocorticosterone ((11-DHC) in rodents) to the potent 

glucocorticoid cortisol or corticosterone ((CORT) in rodents) (Atanasov et al., 2004; Banhegyi 

et al., 2004; Lavery et al., 2006). H6PD differs from its cytosolic counterpart glucose-6-

phosphate dehydrogenase (G6PD). While cytosolic G6PD only catalyzes the first step of the 

pentose-phosphate pathway (PPP), namely the conversion of G6P to 6-phosphogluconolactone 

(6PGL), luminal H6PD is capable to catalyze the first and the second step of the PPP. The 

ability to perform the second step of the PPP is owed to the 6-phosphogluconolactonase activity 

of H6PD. Moreover, compared to its cytosolic equivalent G6PD, H6PD has been shown to have 

a much broader substrate specificity, characterized by its capability to not only convert G6P but 

also to utilize galactose-6-phosphate, glucosamine-6-phosphate, 2-deoxyglucose-6-phosphate, 

or glucose-6-sulfate to generate NADPH (Clarke and Mason, 2003; White et al., 2007). 

Besides, depending on the substrate, H6PD has been found to reduce NAD+ instead of NADP+, 

demonstrating its capability to accept different cofactors (Hino and Minakami, 1982b). 
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Figure 1. Luminal generation of NADPH by H6PD and conversion of inactive 

glucocorticoid by 11β-HSD1 under physiological conditions. Glucose-6-phosphate (G6P) is 

transported across the ER membrane by glucose-6-translocase/glucose-6-phosphate transporter 

(G6PT). H6PD converts G6P to 6-phosphogluconate (6PG) to reduce NADP+ and therefore 

generate NADPH (adapted from (Senesi et al., 2010)).  

 

In addition, compared to its 58 kDa cytosolic counterpart, the 89 kDa H6PD has a higher 

molecular weight and, due to this fact, most likely a different quaternary structure (Senesi et 

al., 2010). Analyzing the crystal structure of human G6PD revealed that the protein exists in a 

dimer-tetramer (composed by two dimers) equilibrium, which is depending on the surrounding 

NADP+ concentration (Au et al., 2000). The missing crystal structure of H6PD makes it difficult 

to draw conclusions regarding the quaternary structure of this enzyme. However, studies 

addressed to explore luminal glucocorticoid activation demonstrated the direct interaction 

between H6PD and 11β-HSD1 (Atanasov et al., 2008). This insight is crucial and underpins the 

(in)direct role of H6PD in glucocorticoid activation and metabolism (White, 2018). 

Several studies have explored the physiological role of H6PD. By measuring 11-DHC to CORT 

conversion in microsomal preparations of H6PD-knockout mice, an enormous shift of 11β-

HSD1 bidirectional oxidoreductase from reductase to dehydrogenase activity was observed, 

providing an explanation for the reduced CORT production and increased CORT to 11-DHC 

conversion (Lavery et al., 2006); however, this has not been tested in vivo. Furthermore, H6PD 

null mice were shown to exhibit signs of glucocorticoid resistance, increased insulin sensitivity 

and increased glucose uptake in type II (fast-twitch) muscle fibers. In addition, animals lacking 
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H6PD developed skeletal myopathy marked by a switch from type II to type I (slow-twitch) 

muscle fibers (Lavery et al., 2008a; Lavery et al., 2008b; Talbot and Maves, 2016). 

However, several questions regarding the physiological role of H6PD remain unanswered. 

Although H6PD is considered to be the major source of NADPH in the ER, H6PD-knockout 

mice did not show a complete elimination of NADPH levels when analyzing pyridine 

nucleotide content in microsomal preparations isolated from muscle and liver (Rogoff et al., 

2010; Weingartner et al., 2021). It was further demonstrated that 11β-HSD1 reductase activity 

in bone marrow‐derived macrophages isolated from H6PD knockout mice was only decreased 

by approximately 40-50% (Marbet et al., 2018). These independent findings indicate that the 

ER comprises at least one alternative source of NADPH. Accordingly, further investigations to 

address luminal NADP(H)-homeostasis and the physiological role of H6PD are required.  

 

3.1.2 11β-Hydroxysteroid dehydrogenase type 1 

11β-HSD1 is a representative of the hydroxysteroid dehydrogenases (HSDs), belonging to the 

NAD(P)(H)-dependent oxidoreductases, and known to catalyze the conversion of a variety of 

substrates including steroids and BA (Chatuphonprasert et al., 2018). HSDs are generally 

attributed to the superfamilies of aldo-keto reductases (AKR) and short-chain 

dehydrogenases/reductases (SDR). While AKR superfamily members are soluble cytoplasmic 

proteins, HSDs of the SDR-type are also found to be located in different cellular compartments 

such as the ER, peroxisomes or mitochondria (Filling et al., 2001). Moreover, members of the 

two families show different characteristics regarding their structural features. Proteins of the 

AKR superfamily display a highly conserved motive, called the triose-phosphate isomerase 

(TIM; (α/β)8)-barrel structure. SDRs on the other hand are found to have an α/β-folding pattern 

called the Rossmann fold (RMF), which represents the NAD(P)(H)-binding site (Mindnich and 

Penning, 2009; Medvedev et al., 2019). 11β-HSDs appear in at least two isoforms, 11β-HSD1 

and 11β-HSD2, which belong to the SDR superfamily. They are involved in the interconversion 

of the inactive glucocorticoid cortisone and its active form cortisol, respectively. 11β-HSD2, 

mainly expressed in kidney, colon, placenta and salivary glands, utilizes NAD+ to oxidize 

cortisol to its inactive form cortisone (and mainly CORT to 11-DHC in mice and rats). 11β-

HSD2 has a higher substrate affinity (Km in nM range) compared to its isoform 11β-HSD1 (Km 

in µM range) and a higher molecular weight (MW11β-HSD2: 45 kDa; MW11β-HSD1: 34 kDa) 

(Glorioso et al., 2005; Ferrari, 2010; Chapman et al., 2013). The roles of 11β-HSD1 and 11β-

HSD2 in the steroidogenesis are illustrated in Fig. 2. 
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Figure 2. Schematic overview of the synthesis of mineralocorticoids and glucocorticoids and 

the corresponding roles of 11β-HSD1 and 11β-HSD2. Cholesterol side-chain cleavage enzyme 

(CYP11A1); 3β-hydroxysteroid dehydrogenase type 2 (3β-HSD2); Steroid 21-hydroxylase 

(CYP21A2); Steroid 11β-hydroxylase isoform 1 (CYP11B1); Steroid 11β-hydroxylase isoform 

2 (CYP11B2); Steroid 17α-hydroxylase (CYP17A1) (adapted from (Cuevas-Ramos and 

Fleseriu, 2014)). 

 

11β-HSD1, as mentioned previously (chapter 3.1.1), plays an important role in tissue-specific 

glucocorticoid activation. It is expressed in various organs and tissues such the liver, brain, 

muscle, vasculature and adipose tissue where it is often found to be co-expressed with H6PD 

(Odermatt and Kratschmar, 2012; Peng et al., 2016).  

Peripheral regulation of glucocorticoids is considered as an important mechanism in several 

diseases (Tomlinson and Stewart, 2001; Gathercole et al., 2013). Increased expression levels 

of 11β-HSD1 and glucocorticoid receptor (GR) have been linked to elevated circulating 

glucose, insulin and corticosterone levels in db/db (diabetic) mice, which in turn was associated 

with aggravation of the phenotype of type 2 diabetes (Liu et al., 2005). Further, irrespective of 

gender, increased 11β-HSD1 mRNA levels were found in both, visceral and subcutaneous 

adipose tissue of obese patients compared to lean subjects. Therefore, regarding its molecular 

function, 11β-HSD1 expression in adipose tissue was suggested to contribute to the metabolic 

syndrome in obese patients (Paulsen et al., 2007). Besides, elevated ratios of cortisol/cortisone 

have been associated with various pathologies and, hypertension, hyperglycemia, dyslipidemia, 

insulin resistance as well as (iatrogenic) Cushing’s syndrome are well known consequences of 

(prolonged) elevated cortisol levels (Whitworth et al., 2005).  

Therefore, it is not surprising that in the past decades 11β-HSD1 has been increasingly brought 

into focus as a new potential drug target. Roughly 250 patents from more than 25 
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pharmaceutical companies have been published regarding novel approaches to inhibit 11β-

HSD1 (Scott et al., 2012). However, to date no compounds were successfully introduced to the 

market. The reasons for the failure of potential 11β-HSD1 inhibitors are manifold: insufficient 

therapeutic benefit compared to existing treatment such as metformin, non-selective inhibition 

of 11β-HSD1 and 11β-HSD2 or poor bioavailability are worth mentioning in this regard 

(Gregory et al., 2020). Moreover, measurement of 11β-HSD1 activity in vivo represents a major 

challenge. Currently, 11β-HSD1 activity has been assessed by measuring the metabolites of 

cortisol and cortisone, namely tetrahydrocortisol, 5α-tetrahydrocortisol and tetrahydrocortisone 

(and the corresponding CORT- and 11-DHC analogues in rodents). The ratio of 

(tetrahydrocortisol+5α-tetrahydrocortisol)/ tetrahydrocortisone can be used to determine 11β-

HSD1 activity, however 24 h urine sample collection is needed for this approach, which 

represents a challenge in (animal) experimentation. Furthermore, the ratio does not specifically 

represent 11β-HSD1 but also 11β-HSD2 enzymatic activity, thus limiting the utility of this 

biomarker (Wang, 2005; Lavery et al., 2008a).  

Besides its function in steroidogenesis, 11β-HSD1 catalyzes the conversion of other 

endogenous compounds such as 7-ketocholesterol (Schweizer et al., 2004), 7-keto,27-

hydroxycholesterol (Beck et al., 2019a), 7-keto,25-hydroxycholesterol (Beck et al., 2019b), 

and the BA 7-oxolithocholic acid and its taurine- and glycine-conjugated species (Fig 3.) 

(Odermatt et al., 2011; Penno et al., 2013; Penno et al., 2014). However, while the 

physiological role and relevance of 11β-HSD1 in glucocorticoid metabolism is generally 

accepted, it remains largely unknown how its function in BA homeostasis affects physiological 

processes. 

 



15  

 

Figure 3. The roles of H6PD and 11β-HSD1 in the BA homeostasis. H6PD provides NADPH 

for 11β-HSD1 mediated conversion of 7oxoLCA (-Tau/-Gly) to UDCA (-Tau/-Gly) and CDCA 

(-Tau/-Gly). Enzymes involved in the BA synthesis as indicated. Cholesterol 7α-hydroxylase 

(CYP7A1); Sterol 27-hydroxylase (CYP27A1); Sterol 12α-hydroxylase (CYP8B1); Oxysterol 

7α-hydroxylase (CYP7B1); Cytochrome P450 2C70 (murine, CYP2C70); Glycine conjugated 

(-Gly); Taurine conjugated (-Tau) (adapted from (Weingartner et al., 2021)).  
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3.2 Endoplasmic reticulum stress and the unfolded protein response 

A major function of the ER is the synthesis of proteins and the control of their proper folding. 

A smooth running translation- and folding-machinery is indispensable for protein quality 

control and therefore for cellular survival, and disturbances of protein homeostasis can lead to 

fatal outcome (Chaudhuri and Paul, 2006). Perturbation of luminal protein homeostasis marked 

by the accumulation of misfolded proteins leads to ERS and the activation of the UPR (Haeri 

and Knox, 2012; Corazzari et al., 2017). Upon activation, the UPR is programmed to perform 

three distinct processes: degradation of improperly folded proteins, upregulation of the 

production of (ER) chaperones and deceleration of (luminal) protein synthesis (Brodsky and 

Scott, 2007). The UPR is orchestrated by three main ERS sensors: ATF6, IRE1 and Protein 

kinase R (PKR) like ER kinase (PERK). During homeostasis GRP78, the major regulator of the 

UPR, is bound to the three ERS sensors and thereby inhibits their molecular activities 

(Bertolotti et al., 2000). Accumulation of unfolded proteins in the ER lumen results in GRP78 

binding to the misfolded polypeptides and thus freeing the ERS sensors (Fig. 4). Unbound 

ATF6, translocates from the ER to the Golgi where it is processed to its cleaved, active form. 

Cleaved ATF6 then further translocates to the nucleus, where it activates the transcription of its 

UPR related target genes such as CCAAT/enhancer binding protein homologous protein 

(CHOP). The ER transmembrane protein IRE1 is bound to GRP78 upon the sensing of 

misfolded proteins. Autophosphorylation and dimerization leads to the activation of IRE1, 

resulting in the splicing of X-box binding protein 1 (XBP1) mRNA, which in turn leads to 

translation of the transcription factor. Spliced form of XBP1 (XBP1-s) initiates the upregulation 

of UPR-associated genes involved in protein folding and ER-associated degradation (ERAD). 

PERK is activated upon autophosphorylation and dimerization. The kinase domain of PERK 

leads to the phosphorylation of eukaryotic initiation factor 2α (eIF2α), which in turn causes 

global translation inhibition and the promotion of the translation of activating transcription 

factor-4 (ATF4). The latter transcription factor upregulates genes associated to be involved in 

the resolution of the ERS (Yoo et al., 2017; Lin and Stone, 2020). 

While the fundamental underlying mechanisms of the UPR upon ERS are widely explored and 

accepted, little is known about role of H6PD regarding this particular aspect of the cellular 

stress response. Depletion of luminal NADPH and a decreased NADPH/NADP+ ratio were 

shown to trigger ERS (Kapuy and Banhegyi, 2013). The role of the NADPH-generating H6PD 

in the UPR was further supported by the analysis of natural gene variations in Drosophila 

melanogaster in the context of ERS and UPR (Chow et al., 2013). Moreover, a recently 

published article by Tsachaki et al. further supports the hypothesis of the impact of H6PD on 



17  

the UPR during ERS. Knockdown of H6PD in the triple negative breast cancer cell line 

SUM159 resulted in decreased protein levels of UPR related target genes such as CHOP, ATF4, 

ATF6, XBP1-s and GRP78. In contrast, protein levels of luminal PDI family member 

endoplasmic reticulum ERP72 and lectin chaperone CRT were increased, indicating an effect 

of knockdown of H6PD on the luminal protein folding machinery (Tsachaki et al., 2018).  

Either way, further investigation is needed to affirm the role of H6PD in the UPR and UPR-

related processes and to elucidate the exact mechanism how H6PD influences these pathways. 

This proposal may be important considering the recent efforts made in the identification and 

development of potential UPR modulating drugs (Maly and Papa, 2014).  

 

 

Figure 4. Schematic overview of the unfolded protein response (UPR) in mammalian cells.  

The major ERS sensors ATF6, IRE1 and PERK are and key players in each pathway are 

indicated. Phosphorylated proteins are signalized (P). 

 

3.2.1 Endoplasmic reticulum stress in disease 

Emerging evidence points to a link between a panoply of human diseases and (chronic) ERS or 

defects in the UPR signaling (Park et al., 2019). Noteworthy are different forms of metabolic 

disorders, for example hereditary diabetes mellitus (DM) in the form of Wolcott-Rallison 
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syndrome (WRS). WRS is assumed to be caused by mutations in the Perk gene, leading to the 

inactivation of this ERS sensor and therefore an insufficient UPR (Julier and Nicolino, 2010). 

Further, a high-fat diet and therefore chronic exposure to high free fatty acid (FFA) levels in 

patients suffering from type 2 DM, were reported to activate the ERS response in β-cells (Eizirik 

et al., 2008). FFA, in particular palmitate, leads to the phosphorylation of PERK and, as a 

consequence, the phosphorylation of eIF2α, which in turn induces ATF4 and CHOP. Finally, 

CHOP induction was associated with apoptosis of insulin-secreting β-cells. The other ERS 

sensors of the UPR, IRE1 and ATF6 were shown to be activated by palmitate too, but to a lesser 

extent compared to the PERK-mediated stress response (Karaskov et al., 2006; Cnop et al., 

2007; Laybutt et al., 2007). 

Involvement of ERS was further demonstrated in the pathogenesis of different 

neurodegenerative diseases. Mutations in the presenilin-1 (PS1) gene of patients suffering of 

Alzheimer’s disease were reported to cause an increase in pro-apoptotic CHOP protein levels, 

and therefore contribute to the course of this dreadful malady (Milhavet et al., 2002; Prasanthi 

et al., 2011).  

A mention should also be made of Parkinson’s disease (PD), the second most common 

neurodegenerative disorder after Alzheimer’s disease, affecting approximately 1% of the 

elderly population in Europe (von Campenhausen et al., 2005). The pathogenesis of PD was 

previously linked to ERS and activation of the UPR as a result of an accumulation of misfolded 

proteins such as α-synuclein (Bernal-Conde et al., 2019) and parkin or parkin-associated 

endothelin receptor-like protein (PAEL) (Rao and Bredesen, 2004). Moreover, upregulation of 

human ubiquitin ligase (HRD1), a protein involved in the degradation of misfolded proteins in 

PD was shown to suppress ERS associated cell death and therefore improve PD symptoms 

(Omura et al., 2013).  

Finally, the pathogenesis of a considerable number of infectious diseases was linked to ERS 

and the activation of the UPR. Bacterial virulence factor subtilase (SubA), a ctytotoxin 

produced by Shiga-toxigenic Escherichia coli acts as a protease by cleaving GRP78, resulting 

in ERS and inhibition of cell growth and, at a later stage, CHOP induced apoptosis (Morinaga 

et al., 2008). Another bacterium to mention in this regard is Listeria monocytogenes, a 

facultative intracellular pathogen found in food products capable of causing life threatening 

listeriosis (O'Byrne and Utratna, 2010). All sensors of ERS were activated upon Listeria 

monocytogenes infection. While activation UPR was linked to reduced intracellular bacterial 
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number, prolonged infection with Listeria monocytogenes resulted in ERS induced apoptosis 

of infected cells (Pillich et al., 2012).  

Besides bacterial infections, a plethora of publications described ERS and activation of the UPR 

in the context of viral-infections and, -diseases. Manipulation of host UPR by activation of the 

PERK-pathway was reported during SARS-CoV infection, resulting in enhanced protein folding 

and promotion of viral protein production. In particular, the viral spike protein (S) of SARS-

CoV was linked to the induction of luminal chaperones and GRP78 and, as a consequence, 

facilitated replication of virions (Chan et al., 2006; Versteeg et al., 2007). Other viruses 

suppress certain players of the host’s UPR to prevent degradation of viral protein within the ER 

lumen. Suppression of the IRE1-XBP1 branch is suggested be an important feature in the 

replication and expression strategy of Hepatitis C virus (Tardif et al., 2004). 

Involvement of ERS and modulation of the UPR were also reported in parasitic infections and 

diseases. Plasmodium falciparum, to take a specific example, was recently reported to increase 

UPR associated protein levels in the liver (Kaushansky and Kappe, 2015). Although, the 

molecular aspects of inducing ERS in this case remain unclear due to a lack of data. Overall, 

the understanding of the role of ERS and the UPR during parasitic infections remains poorly 

explored compared to various maladies associated with bacterial or viral infection.  
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4 Aims of the thesis  

One major aim of this thesis was to gain further mechanistic knowledge of the physiological 

role of H6PD in the ER. A tide of evidence points towards a role of H6PD in malignancies. 

However, little is known about this luminal enzyme, besides its function as provider of NADPH 

and its interaction with lumen-facing ER membrane protein 11β-HSD1. Under physiological 

conditions, the bidirectional enzyme 11β-HSD1 utilizes NADPH provided by H6PD to convert 

inactive cortisone to active cortisol, which has many functions in the human body, such as 

regulating metabolism, immune response, stress response and inflammatory response.  

The first part of the thesis was devoted to developing a deeper understanding of the interactome 

of H6PD. The discovery of enzymes utilizing luminal NADP(H) or of proteins regulating 

NADPH production by modulating H6PD activity, as well as the identification of alternative 

sources of (reduced) pyridine nucleotides were addressed in the first project of this thesis.  

Linked to the first task, the second aim was to gather novel insights into the roles of the ER and 

H6PD in pathophysiological processes. It has previously been shown that disturbances of ER 

function(s) are linked to different disease etiologies. Accumulation of misfolded or unfolded 

proteins leads to ERS and the activation of the unfolded protein response (UPR). To contribute 

to a better understanding of mechanisms related to ERS, we examined mice infected with 

Echinococcus multilocularis to evaluate the importance of ERS during parasitic disease 

development.  

Finally, the third goal of this thesis was to identify and address the applicability of novel 

biomarkers to estimate 11β-HSD1 activity in vivo. As mentioned above, conversion of cortisone 

to cortisol is crucial for a variety of physiological processes and therefore methods to estimate 

the activity of 11β-HSD1 in vivo are of great interest. To tackle this challenge, we made use of 

the recent discovery of alternative substrates of 11β-HSD1 to test a BA ratio as biomarker of 

the enzyme activity.  
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5 Elucidating the H6PD interactome 

5.1 Investigation of potential interactors of luminal H6PD by proximity 

biotinylation 

5.1.1 Manuscript in preparation: 

Mapping the neighborhood: A BioID-based approach to elucidate the 

interactome of luminal hexose-6-phosphate dehydrogenase reveals anterior 

gradient protein 2 homolog as an interacting partner 

 

Michael Weingartner1, Maria Tsachaki1, Thomas Bock2, Julia Birk1, Alex Odermatt1  

 

1 Division of Molecular and Systems Toxicology, Department of Pharmaceutical Sciences, 

University of Basel, Klingelbergstrasse 50, 4056 Basel, Switzerland. 

2 Proteomics Core Facility, Biozentrum, University of Basel, Klingelbergstrasse 70, 4056 Basel, 

Switzerland.  

 

Contribution to the project: 
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Abstract 

Background 

Hexose-6-phosphate dehydrogenase (H6PD) represents the only characterized enzyme capable 

of generating NADPH in the endoplasmic reticulum (ER) lumen. Based on the inability of 

NADP(H) to penetrate the ER membrane and the lack of an ER directed NADP(H)-transporter, 

H6PD has a crucial role in maintaining an adequate luminal NADPH concentration to provide 

cofactor for enzymatic reduction reactions. 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1), 

catalyzing the conversion of inactive cortisone to active cortisol using NADPH as cofactor, is 

currently the sole known interacting partner of H6PD. In an attempt to better understand the 

roles of H6PD in the ER, this study explored the interactome of H6PD. 

Methods 

The BioID technique was applied for the screening of H6PD-interacting proteins in the triple 

negative breast cancer cell line MDA-MB 231. Enriched biotinylated proteins were analyzed 

by mass spectrometry (MS) and potential candidates further investigated by co-

immunoprecipitation (Co-IP). Knock-down experiments using small interfering RNA (siRNA) 

and H6PD enzyme activity measurements were employed to determine the direct effect of 

candidate proteins on H6PD expression and activity, and therefore for luminal NADPH 

generation. 

Results 

The resulting proteome, generated by our ER directed BioID approach, revealed a potential hit 

cluster consisting of members of the protein disulfide isomerase (PDI) family, different ER 

resident chaperones and luminal calcium binding proteins. PDI Anterior gradient protein 2 

homolog (AGR2) was then thoroughly examined as a H6PD interacting partner. Gene silencing 

of ARG2 by siRNA caused increased H6PD protein levels in both the MDA-MB 231 cells and 

the estrogen and progesterone receptor positive breast cancer cell line MCF7. Co-IP 

experiments in MCF7 revealed a physical interaction between AGR2 and H6PD 

Conclusion 

The BioID approach revealed AGR2 as novel interacting partner of H6PD, enhancing its 

activity. As both AGR2 and H6PD were found to promote the proliferation of breast cancer 

cells, further investigations should address a link between these two proteins in cancer. 
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Furthermore, physical and functional interactions between H6PD and AGR2 and also with other 

PDI members identified in the BioID approach need to be investigated in follow-on 

experiments. 
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Introduction 

Localized in the lumen of the endoplasmic reticulum (ER), hexose-6-phosphate dehydrogenase 

(H6PD) catalyzes the first two steps of the pentose phosphate pathway (PPP), i.e. the conversion 

of glucose-6-phosphate (G6P) to 6-phosphogluconate (6PG) and thereby the reduction of 

NADP+ to NADPH [1, 2]. Whilst the first step is analogous to the cytosolic reaction performed 

by glucose-6-phosphate dehydrogenase (G6PD), the second step, marked by the lactonase 

activity, represents an exclusive feature of luminal H6PD. Contrary, cytosolic 6-

phosphogluconolactonase is required for the conversion of 6-phosphogluconolactone (6PGL) 

to 6PG in the cytoplasm [3]. In contrast to its luminal homolog H6PD, which is known to have 

a broader substrate pool including G6P, glucose-6-sulfate (G6S) and galactose-6-phosphate 

(Gal6P), G6PD shows selective substrate affinity, exclusively converting G6P [4, 5]. 

NADPH does not permeate freely and is not transported across the ER membrane, therefore 

luminal NADPH is independent from the cytosolic pyridine-nucleotide pool [6, 7]. Whilst a 

cytosolic NADPH/NADP+ ratio of 50-100:1 was reported, the luminal proportion of reduced to 

oxidized phosphorylated pyridine nucleotides, representing the activity of H6PD, was estimated 

to display a NADPH/NADP+ ratio of at least 10:1, maintaining predominant reductase activity 

of 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) [8-10].  

The conversion of physiologically inactive cortisone to active cortisol (or 11-

dehydrocorticosterone to corticosterone in mice and rats), performed by lumen-facing 

transmembrane protein 11β-HSD1, represents the most extensively described NADPH-

dependent process within the ER [11-15]. Besides its role in the activation of glucocorticoids, 

H6PD was shown to impact the regulation of ERS, calcium homeostasis and luminal redox 

balance in breast cancer cell lines [16, 17]. However, beside the reported interaction between 

H6PD and 11β-HSD1, no other interacting partners have been described for H6PD so far [18, 

19].  

Besides factors including the concentration of metal ions, the availability of specific cofactors 

and post-translational modifications, the activity of a protein is widely regulated by its 

interacting partners [20-25]. Therefore, the understanding of protein-protein interactions (PPIs) 

became indispensable for the understanding of protein functions [26]. Furthermore, increasing 

efforts regarding the understanding of PPIs revealed the interactome of proteins as a new class 

of potential drug targets [27, 28]. Owed to the fact of the unique role of H6PD in the 
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glucocorticoid activation, we wanted to investigate potential PPIs to contribute to a better 

understanding of the luminal NADPH homeostasis and regulation of H6PD activity. 

In the present study we employed BioID, a method for proximity dependent biotin 

identification, to screen for neighboring proteins of H6PD. The underlying principle of BioID, 

which was recently described by Roux et al., is to make use of a mutated (R118G), promiscuous 

biotin ligase (BirA*), fused to a bait protein (here, H6PD) [29-31]. Biotinylation of proteins in 

proximity is achieved by the successful expression of the fusion-protein along with additional 

supplementation of biotin in the cell culture medium. Biotinylated proteinogenic lysine 

residues, representing neighboring proteins can further be analyzed by immunochemical or 

mass spectrometric (MS) methods. In addition, Co-IP experiments were performed to confirm 

interacting partners of H6PD. Finally, gene silencing experiments using siRNA targeting a 

selected interactor was performed to test potential H6PD-regulatory mechanisms. 

Materials and methods 

Chemicals 

All chemicals used were purchased from Merck (former Sigma-Aldrich, Darmstadt, Germany) 

unless otherwise stated. 

Cell lines  

The cell lines MDA-MB 231, MCF7, HEK-293 and SUM 159 were purchased from American 

Type Culture Collection (ATCC, Manassas, VA, USA), tested regularly to exclude 

mycoplasma contamination, and cultured under standard conditions (37°C, 5% CO2). MDA-

MB 231 cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum 

(FBS), MCF7 cells in DMEM containing 2 mM-L-glutamine, 4.5 g L-1 glucose, 10% FBS and 

non-essential amino acid mixture, SUM 159 cells in Ham’s F-12 Nutrient Mix (Thermo Fisher 

Scientific, Waltham, MA, USA) supplemented with 5% FBS and 5µg ml-1 bovine pancreas 

insulin (Cat# I6634), and HEK-293 cells in DMEM containing 2 mM-L-glutamine, 4.5 g L-1 

glucose, non-essential amino acid mixture and 10% FBS. All cell culture media were 

supplemented with 10 mM hydroxyethylpiperazinethanesulfonic acid (HEPES) buffer pH 7.4, 

100 U mL-1 penicillin and 0.1 mg mL-1 streptomycin.  
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Transfections 

DNA transfections were conducted using Lipofectamine 2000 reagent (Cat#11668030, Thermo 

Fisher Scientific). BioID-fusion protein construct (H6PD-BirA*-HA) (Suppl. Table 1) was 

produced by PCR amplification, using full-length H6PD coding sequence from a donor vector 

as template and inserting the product in a pcDNA3.1 MCS-BirA(R118G)-HA plasmid bearing 

a resistance gene for G418 (Cat#36047, Addgene, Watertown, MA, USA). C-terminally FLAG-

tagged 11β-HSD1 (11β-HSD1-FLAG, (Odermatt et al., 1999)) was recloned into a pcDNA3.1 

plasmid bearing a puromycin resistance gene (Cat#13884, Cayman Chemical, Ann Arbor, MI, 

USA). 

For transfection (construct: H6PD-BirA*-HA) of MDA-MB 231 cells, 3.75 µg of plasmid DNA 

and 7.5 µl reagent were used per 300’000 cells. For transfection (construct: 11β-HSD1-FLAG) 

of MDA-MB 231 cells or the BioID-clone, 2.5 µg of plasmid DNA and 5 µl reagent were used 

per 250’000 cells. Transfections were conducted according to the manufacturer’s protocol. The 

supernatant was replaced with fresh culture medium 5 h after transfection. 

Transient transfection of HEK-293 cells was conducted by the calcium-phosphate precipitation 

method described earlier [32]. Briefly, per 10 cm dish of HEK-293 cells (80% confluent), 12 

µg plasmid DNA encoding H6PD-MYC in pcDNA3.1 and 12 µg empty vector or 12 µg of 

plasmid encoding H6PD-MYC and 12 µg AGR2-FLAG (Cat#OHu09079;NM_ 006408, in 

pcDNA3.1; Genscript, Piscataway, NJ, USA) were used per transfection. Empty vector 

pcDNA3 served as control. Cells were collected 24 h post-transfection for microsome 

preparation.  

Gene silencing experiments were performed using Lipofectamine RNAiMax (Thermo Fisher 

Scientific) according to the manufacturer’s protocol. Target siRNA (Microsynth, Balgach, St. 

Gallen, Switzerland) sequences were as follows: H6PD 5′- GGG CUA CGC UCG GAU CUU 

G -3′; AGR2: 5'-GAA GCU CUA UAU AAA UCC A- 3'; Mock 5′-UGG UUU ACA UGU 

UUU CUG A-3′.  

For siRNA transfection experiments MDA-MB 231 and MCF7 cells were seeded at 350’000 

cells per well in 6-well plates, and treated with 29 nM siRNA and 2.9 µL Lipofectamine 

RNAiMAX reagent. Mock siRNA served as control.  
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Establishment of H6PD-BirA*-HA expressing cell lines 

MDA-MB 231 cells were exposed 72 h after transfection to medium containing 1000 µg mL-1 

geneticin (G418, Cat#36047, Addgene) to start the selection process. Resistant cells were 

serially diluted to generate single cell clones. Clones were screened for correct localization and 

expression of H6PD-BirA*-HA by western blotting and immunohistochemical analysis.  

Establishment of 11β-HSD1-FLAG expressing cell lines  

Cell culture medium was replaced 72 h after transfection and MDA-MB 231 or stably 

expressing H6PD-BirA*-HA cells were exposed to selection medium supplemented with  

0.5 µg mL-1 puromycin. Puromycin resistant cells were serially diluted to generate single cell 

colonies and selected clones analyzed for expression of 11β-HSD1-FLAG by western blotting. 

Generation of biotinylated proteins 

Cells stably expressing H6PD-BirA*-HA were cultured under standard conditions. The cell 

culture medium was supplemented 72 h prior to cell lysis with 50 µM biotin (Cat#B4639, Sigma 

Aldrich) to stimulate biotinylation.  

Sample preparation for MS 

Biotinylated proteins for MS analysis were prepared as follow: MDA-MB 231 or stably 

expressing H6PD-BirA*-HA cells were cultured with (+) or without (-) supplemented biotin 

(50 µM final concentration) for 72 h. Cells were lysed using radio immunoprecipitation assay 

(RIPA) buffer (Cat#89900, Thermo Fisher Scientific) containing protease inhibitor cocktail 

(Cat#CO-RO) and incubated on a thermo-shaker for 10 min at 4°C at 1000 rpm. Lysate was 

further centrifuged for 10 min at 16’100 x g. Supernatant was collected and the protein 

concentration determined by the bicinchoninic acid assay (Cat#23225, Thermo Fisher 

Scientific). Supernatants were stored at -20°C until further analysis by liquid chromatography–

mass spectrometry (LC-MS) or western blot.  

To enrich biotinylated proteins, 60 µL streptavidin magnetic beads (Cat#88817, Thermo Fisher 

Scientific) were mixed thoroughly and washed 3 times with 1 ml washing buffer (20 mM 

potassium-dihydrogenphosphate, 0.15 M NaCl). After washing, the beads were incubated for 2 

h at 4°C under continuous rotation with standardized amount of total protein (1-1.5 mg). The 

beads were then vortexed and washed 4 times using 1 mL RIPA buffer per washing step. 

Finally, the beads were washed 5 times using HNN buffer (50 mM HEPES pH 7.5, 150 mM 

NaCl, 5 mM EDTA, 50 mM NaF).  
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Sample preparation for MS - on bead digestion 

After the last washing step, 142.5 µl 100 mM ammonium bicarbonate (ABC) buffer was added 

to the beads, which were vortexed and sonicated. Subsequently, 7.5 µl of 200 mM  

tris(2-carboxyethyl)phosphine (TCEP) was added to the samples and vortexed. Next, 3.2 µl of 

750 mM chloracetamide (CAA) was added to the samples and vortexed. Thereafter, the beads 

were incubated in the dark for 1 h at 37°C on a thermo-shaker at 600 rpm. 1 µg trypsin (Cat# 

V5111, Progema, Fitchburg, WI, USA) was administered and beads were gently mixed and 

incubated overnight (o/n) at 37°C with continuous shaking at 800 rpm. Beads were then 

separated by magnetic separation and supernatant was collected and stored at 4°C. The beads 

were then incubated for 2 h in 150 µl ABC buffer supplied with 1 µg trypsin. Following, the 

beads were separated, the aqueous phase was collected, pooled with the first aspirated fraction 

and stored at 4°C. Next, the beads were mixed with 200 µl 0.1% trifluoroacetic acid. After 

shaking for 5 min at 1000 rpm, followed by bead separation, the acidic phase was pooled with 

previous fractions. Protein purification and desalting of the pooled fractions were achieved 

through the application of C-18 MiniSpin® columns (The Cat #SEM SS18V, The Nest Group, 

Southborough, MA, USA) according to manufacturer’s instructions. After purification and 

desalting, the peptides were dried by centrifugal evaporation for 2 h using a CentriVap 

concentrator (Kansas City, MO, USA). Dried peptides were stored at -20°C until analysis. 

MS data acquisition 

Dried peptides were dissolved in 0.1% aqueous formic acid solution at a concentration of 0.25 

mg ml-1 prior to injection into the MS. For each sample, a total of 0.25 μg peptides (in 0.1% 

aqueous formic acid) was subjected to LC-MS analysis using a dual pressure LTQ-Orbitrap 

Elite mass spectrometer connected to an electrospray ion source (both Thermo Fisher Scientific) 

and a custom-made column heater set to 60°C. Peptide separation was carried out using an 

EASY nLC-1000 system (Thermo Fisher Scientific) equipped with a RP-HPLC column (75 μm 

× 30 cm) packed in-house with C18 resin (ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch 

GmbH, Germany). Peptides were separated using a step wise linear gradient from 95% solvent 

A (0.1% formic acid, in water) and 5% solvent B (80% acetonitrile, 0.1% formic acid, in water) 

to 35% solvent B over 50 min, to 50% solvent B over 10 min, to 95% solvent B over 2 min, 

and to 95% solvent B over 18 min at a flow rate of 0.2 µL-1. The data acquisition mode was set 

to obtain one high resolution MS scan at a resolution of 240’000 full width at half maximum 

(at 400 m/z, MS1) followed by MS/MS (MS2) scans in the linear ion trap of the 20 most intense 

MS signals. The charged state screening modus was enabled to exclude unassigned and singly 
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charged ions and the dynamic exclusion duration was set to 30 s. The collision energy was set 

to 35%, and one microscan was acquired for each spectrum. 

Protein identification and label-free quantification 

The acquired raw-files were imported into the Progenesis QI software (v2.0, Nonlinear 

Dynamics Limited, Newcastle upon Tyne, United Kingdom), which was used to extract peptide 

precursor ion intensities across all samples applying the default parameters. The generated mgf-

files were searched using MASCOT (Matrix Science, Boston, MA, USA) against a decoy 

database containing normal and reverse sequences of the concatenated Homo sapiens (UniProt, 

26th April 2016) proteome including commonly observed contaminants (in total 141’240 

sequences) generated using the SequenceReverser tool from the MaxQuant software (Version 

1.0.13.13, Max Planck Institute of Biochemistry, Martinsried, Germany). The following search 

criteria were used: full tryptic specificity was required (cleavage after lysine or arginine 

residues, unless followed by proline); 3 missed cleavages were allowed; carbamidomethylation 

(C) was set as fixed modification; oxidation (M) and protein N-terminal acetylation were 

applied as variable modifications; mass tolerance of 10 ppm (precursor) and 0.6 Da (fragments) 

was set. The database search results were filtered using the ion score to set the false discovery 

rate (FDR) to 1% on the peptide and protein level, respectively, based on the number of reverse 

protein sequence hits in the datasets. Quantitative analysis results from label-free quantification 

were normalized and statistically analyzed using the SafeQuant R package v.2.3.4 

(https://github.com/eahrne/SafeQuant/; PMID: 27345528) to obtain protein relative 

abundances. This analysis included summation of peak areas per protein and LC-MS/MS run 

followed by calculation of protein abundance ratios. Only isoform specific peptide ion signals 

were considered for quantification. The summarized protein expression values were used for 

statistical testing of differentially abundant proteins between conditions. Here, empirical Bayes 

moderated t-tests were applied, as implemented in the R/Bioconductor limma package 

(http://bioconductor.org/packages/release/bioc/html/limma.html). The resulting p-values were 

adjusted for multiple testing using the Benjamini-Hochberg method. 

All LC-MS/MS analysis runs were acquired from samples of three independent experiments. 

To meet additional assumptions (normality and homoscedasticity) underlying the use of linear 

regression models and Student’s t-test MS-intensity signals were transformed from the linear 

to the log-scale. Unless stated otherwise linear regression was performed using the ordinary 

least square (OLS) method as implemented in base package of R v.3.1.2  

(http://www.R-project.org/). 
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The sample size of three biological replicates was chosen assuming a within-group MS-signal 

coefficient of variation of 10%. When applying a two-sample, two-sided Student’s t-test this 

was found to give adequate power (80%) to detect protein abundance fold changes higher than 

1.65, per statistical test. The statistical package used to assess protein abundance changes, 

SafeQuant, employs a moderated t-test, which has been shown to provide higher power than 

the Student’s t-test. No simulations were conducted to assess power, upon correction for 

multiple testing (Benjamini-Hochberg correction), as a function of different effect sizes and 

assumed proportions of differentially abundant proteins. 

Protein expression – western blot 

Procedures for cell lysis, protein extraction, sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), western blotting and detection of proteins examined in this study, 

except biotinylated proteins, were previously described [33]. Percentage of SDS-gels were 

adjusted to the protein size of interest, ranging from 8%-14%. Proteins were transferred on 

Polyvinylidene fluoride (PVDF) membranes with a pore size of 0.45 µm (Cat#IPVH00010, 

Merck) or 0.2 µm (Cat#42515.01, Serva, Heidelberg, Germany). Depending on the 

manufacturer’s recommendation, skimmed milk (milk, 5%) or bovine serum albumin  

(BSA, 5%) in Tris-buffered saline with Tween 20 (TBST) served as blocking agents and to 

dilute the specific antibody.  

For the detection of biotinylated proteins, PVDF membranes were blocked in 5% BSA-TBST 

for 1 h and incubated o/n at 4°C, in 5% BSA-TBST containing streptavidin-horseradish 

peroxidase (HRP) at a dilution 1:10,000. The next day, membranes were washed 3 times for 15 

min in TBS-T, followed by incubation in adult bovine serum blocking buffer (ABS; 10% adult 

bovine serum, 1% Triton X-100 in phosphate buffered saline; PBS) for 5 min. Afterwards, 

membranes were washed 3 times for 1 min in PBS and analyzed using enhanced 

chemiluminescence substrate (Cat#WBKLS0500, Merck).  

Antibodies for the detection of following proteins were applied according to the manufacturer’s 

protocol: Polyclonal rabbit anti-H6PD antibody (Cat#HPA004824, Sigma-Aldrich, RRID: 

AB_1079037), monoclonal mouse anti-H6PD antibody (Cat#sc-377180, Santa Cruz 

Biotechnology, Dallas, TX, USA, RRID: N/A), monoclonal mouse anti-AGR2 antibody 

(Cat#sc-101211, Santa Cruz, RRID: N/A), Streptavidin-HRP (Cat#21130, Thermo Fisher 

Scientific, RRID: N/A), monoclonal mouse anti-β-Actin antibody (Cat#sc-47778, Santa Cruz 

Biotechnology, RRID: N/A), monoclonal rabbit anti-Lamin B1 antibody (Cat# ab133741, 

Abcam, Cambridge, United Kingdom, RRID: AB_2616597), rabbit IgG Isotype control 
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(Cat#10500C, Thermo Fisher Scientific, RRID: AB_2532981), monoclonal mouse anti-MOGS 

(Cat#sc-374006, Santa Cruz Biotechnoloy, RRID: N/A), polyclonal rabbit anti-Calnexin 

antibody (Cat#SAB4503258, Sigma Aldrich, RRID: AB_10746486), polyclonal rabbit anti-

Calreticulin antibody (Cat#2891, Cell Signaling Technology, Danvers, MA, USA, RRID: 

AB_2275208), monoclonal mouse anti-FLAG antibody (Cat#F1804, Sigma Aldrich, RRID: 

AB_262044), monoclonal rat anti-HA antibody (Cat#11867423001, Roche, Basel, Switzerland, 

RRID: AB_390918). All primary antibodies were used at dilutions 1:500-1:2’000. The 

following secondary antibodies were used: HRP-conjugated goat anti-mouse antibody (Cat# 

A0168, Sigma Aldrich, RRID: AB_257867), HRP-conjugated goat anti-rabbit antibody 

(Cat#A0545, Sigma Aldrich, RRID: AB_257896) and HRP-conjugated goat anti-rat antibody 

(Cat#7077S, Cell signaling, RRID: AB_10694715). Secondary antibodies were diluted 

1:2’000-1:4’000. For experiments shown in this study, 10-35 µg protein were subjected to SDS-

PAGE. Densitometry analysis, where appropriate, was carried out using ImageJ software 

(version 1.53n, RRID:SCR_003070). 

Reversible crosslinking and Co-IP 

The presented technique for crosslinking followed by Co-IP was adapted from previously 

presented studies [34, 35]. Briefly, MCF7 or MDA-MB 231 cells cultured in 10 cm dishes were 

washed twice with PBS. Intracellular crosslinking was performed by incubating the cells with 

PBS containing the crosslinking agents dithiobis(succinimidylpropionate) (DSP; Cat#c1106, 

ProteoChem, Hurricane, UT, USA) at a final concentration of 2 mM and 

dithiobismaleimidoethane (DTME; Cat# c1138, ProteoChem) at a concentration of 0.5 mM. 

After incubating for 45 min at room temperature, cells were washed twice with PBS, followed 

by quenching of the crosslinking-reaction using PBS containing 20 mM Tris-HCl pH 7.5 and 5 

mM L-cysteine for 15 min. Finally, cells were washed twice with PBS and immediately lysed 

with Co-IP lysis buffer (50 mM Tris pH 7.5, 1% Triton, 150 mM NaCl, 10% glycerol, 5 mM 

MgCl2 and protease inhibitor cocktail). The lysate was incubated for 10 min at 4°C at 1000 

rpm, and centrifuged at 16’100 x g for 10 min, at 4°C. The supernatant was further processed. 

After protein concentration was determined by bicinchoninic acid assay, 1 mg of protein was 

added to 2 µg of either polyclonal rabbit anti-H6PD antibody (IP) or rabbit IgG Isotype control 

(IGG). The protein-antibody mixture was then incubated o/n at 4°C under permanent rotation. 

The next day, protein A magnetic beads (Cat#88846, Thermo Fisher Scientific) were activated 

according to the manufacturer’s instructions. Briefly, 25 µL of activated protein A magnetic 

beads were mixed with the protein-antibody mixture and incubated for 1 h at room temperature 



33  

under continuous rotation. After incubation, the beads were washed by gentle vortex 5 times 

with 1 mL washing buffer (20 mM Tris, 0.5 M NaCl, 0.05% Tween-20) and once with 0.5 mL 

ultrapure water. 120 µL of SDS-PAGE sample buffer consisting of 70% v/v Co-IP lysis buffer, 

5% v/v Tris(2-carboxyethyl)phosphine (TCEP) 0.5 M and 25 % v/v SDS-PAGE loading sample 

buffer 4X (240 mM Tris-HCl pH 6.8, 40% glycerol, 277 mM SDS, 0.04% bromophenol blue) 

was added to the beads, which were boiled for 10 min. Finally, the beads were separated and 

samples stored at -20°C until further use. 30 µL of sample were later loaded on the SDS-gel for 

the detection of interacting proteins. 

Indirect immunofluorescence microscopy 

Experiments of indirect immunofluorescence were performed to a great extent as previously 

described [36]. For the visualization of H6PD-BirA*-HA, the anti-HA antibody listed in the 

method description for “protein expression – western blot” was used at a dilution 1:150, 

followed by secondary goat anti-rat antibody alexa-555 (Cat#A-21434, Thermo Fisher 

Scientific, RRID: AB_141733) diluted 1:200. Biotinylated proteins were made optically visible 

using the streptavidin-alexa-488 (Cat# S11223, Thermo Fisher Scientific, RRID: N/A) antibody 

at 1:2000 dilution. Staining of the nuclei was performed using Hoechst 33342 (Cat#62249, 

Thermo Fisher Scientific) diluted 1:2000. All images were acquired with the ×40 objective of 

the microscope (Leica DMI4000 B, Leica, Wetzlar, Germany). 

Effect of H6PD on 11β-HSD1 activity  

For the indirect determination of H6PD activity, the 11β-HSD1-dependent conversion of 

cortisone to cortisol was determined. 350’000 cells stably expressing 11β-HSD1-FLAG were 

either mock-transfected or transfected with siRNA against AGR2 or H6PD. Cells were re-

seeded at 15’750 cells per well in 96-well plates in a total volume of 90 µL per well. The 

medium was changed 72 h after transfection to serum-free culture medium (SFM) and cells 

were incubated for another 1 h 45 min. Finally, the medium was aspirated and replaced with 40 

µL SFM and 10 µL SFM supplemented with 200 nM cortisone, of which 2.5% was radiolabeled 

[1,2-3H]-cortisone (American Radiolabeled Chemicals, St. Louis, MO, USA). The NADPH-

/H6PD-dependent reduction of cortisone by 11β-HSD1 was stopped after 1 h or 4 h, 

respectively, by the addition of unlabeled cortisol and cortisone (2 mM, in methanol). The 

mixture was then separated on a thin-layer chromatography (TLC) glass-plate using a mixture 

of methanol-chloroform (1:9). Bands for cortisone and cortisol were visualized by UV light, 
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and isolated bands analyzed on a liquid scintillation analyzer (TRI-CARB 2900 TR, 

PerkinElmer, Waltham, MA, USA).  

Microsomal preparation and direct H6PD activity  

Microsomes from HEK-293 cells were isolated as follows: Confluent 10 cm dishes of HEK-

293 cells were washed with 3 mL pre-warmed PBS. 1 mL ice cold PBS was added and cells 

were collected and centrifuged for 4 min 150 x g at 4°C. The washing process was repeated and 

supernatant aspirated. Remaining pelleted cells were resuspended in 950 µL homogenization 

buffer (20 mM Tris pH 7.5, 50 mM KCl, 2 mM MgCl2, 0.25 M sucrose and protease inhibitor 

cocktail). Cells were transferred to a dounce homogenizer (2 mL, stored on ice) and processed 

by 20 strokes with periods of repeated cooling on ice every 5 strokes for 10 seconds. 

Supernatant was centrifuged for 20 min at 4°C at 12’000 x g. The supernatant was transferred 

to fresh tubes and centrifuged for 1 h at 4°C at 104’900 x g. Supernatant was aspirated and the 

pellet, corresponding to the microsomal fraction resuspended in 35-50 µL resuspension buffer 

(20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) pH 7.2, 100 mM KCl, 20 mM NaCl, 

1 mM MgCl2 and protease inhibitor cocktail). Protein concentration was determined by BCA-

assay method and microsomal fractions were stored on ice before further use. 33 µg of 

microsomal protein fraction in resuspension buffer (total volume: 100 µL) was permeabilized 

by Triton X-100 (0.5% v/v). After 5 min, microsomes were incubated with 0.4 mM NADP+ 

and 10 mM H6PD-specific substrate G6S (Glycoteam GmbH, Hamburg, Germany) [1]. H6PD 

activity was estimated by the measurement of absorbance at 340 nm, representing the formation 

of NADPH, 0, 1, 5, 10, 15, 20 and 30 min after substrate and cofactor administration [37].  

Statistical analysis 

GraphPad Prism software 8.0 (GraphPad, La Jolla, CA, USA, RRID:SCR_002798) and 

Microsoft Excel (Microsoft, Redmond, WA, USA) were used for analysis of data. In the context 

of data presentation, the respective statistical test is indicated. A p-value below 0.05 was 

considered statistically significant. 
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Results 

Stable expression of H6PD-BirA*-HA in MDA-MB 231 cells leads to 

sufficient biotinylation of vicinal proteins upon biotin supplementation 

To identify novel interacting partners of luminal H6PD we adapted the recently developed 

BioID approach and fused the promiscuous biotin ligase BirA*, marked with a HA-tag to 

H6PD. We transfected the triple negative breast cancer cell line MDA-MB 231, endogenously 

expressing H6PD, with the constructed fusion protein and generated stably expressing clones. 

Stimulation of biotinylation was achieved by the adding biotin to the cell culture medium (final 

concentration: 50 µM) and incubation for 72 h. Cells expressing H6PD-BirA*-HA showed 

increased levels of biotinylated proteins compared to MDA-MB 231 cells (Fig 1). Moreover, 

cells exposed to additional biotin showed increased levels of biotinylated proteins compared to 

cells cultured without biotin supplementation (Fig 2A). We further generated MDA-MB 231 

cell clones stably expressing H6PD-BirA*-HA and 11β-HSD1-FLAG, which showed similar 

biotinylation patterns than clones exclusively expressing H6PD-BirA*-HA (Fig 2B).  

 

 

Figure 1. Site specific biotinylation in MDA-MB 231 cells expressing H6PD-BirA*-HA 

compared to control (MDA-MB 231). Representative images. A) Biotinylation is shown by 

the application of Streptavidin Alexa-488 antibody. B) Luminal expression pattern of H6PD-

BirA*-HA demonstrated by Anti-HA antibody (followed by goat anti-rat antibody alexa-555). 
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Figure 2. Representative western blot analysis demonstrates the generation of biotinylated 

proteins in the ER of MDA-MB 231 cells stably expressing H6PD-BirA*-HA. A) Western 

blot analysis of lysates from H6PD-BirA*-HA expressing clones and MDA-MB 231 cells. 

Operators indicate presence of 50 µM biotin during the 72h incubation period. Membranes were 

probed with HRP labeled streptavidin (Strep-HRP) to detect biotinylated proteins. β-Actin 

served as loading control. B) Western blot analysis of lysates from different clones expressing 

H6PD-BirA*-HA, H6PD-BirA*-HA / 11β-HSD1-FLAG or 11β-HSD1-FLAG. Membranes 

were probed with HRP labeled streptavidin to detect biotinylated proteins. β-Actin served as 

loading control. 

 

The latter clones generated were used to demonstrate the reported interaction between H6PD 

and 11β-HSD1 [18, 19] (Suppl. Fig 1). While 11β-HSD1 was not enriched in cells solely 

expressing 11β-HSD1-FLAG, there was a statistically significant enrichment of peptides 

originating from the 11β-HSD1-FLAG construct in cells stably expressing both 11β-HSD1-

FLAG and H6PD-BirA*-HA.  
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Proteomic analysis of potential H6PD interacting partners reveals clusters 

consisting of PDI family members, luminal chaperones, calcium binding 

proteins and proteins involved in quality control and processing of 

glycoproteins. 

Next, we performed large scale experiments to identify biotinylated proteins by mass 

spectrometry. Briefly, cells stably expressing H6PD-BirA*-HA and native MDA-MB 231 cells 

were cultured in presence of biotin (50 µM) for 72 h and subsequently lysed and subjected to 

affinity purification using streptavidin-conjugated magnetic beads. Biotinylated proteins were 

afterwards analyzed by label-free quantitative MS by comparing samples of H6PD-BirA*-HA 

with those of parental MDA-MB 231 control. Overall, 1098 proteins could be assigned, 

including the bait protein H6PD. 1049 of the proteins were identified by at least 2 peptides and 

904 of them by at least 3. 82 proteins showed a log2-fold change ≥ 1 (qValue ≤ 0.01) and 50 

proteins were enriched in the samples from H6PD-BirA*-HA expressing cells by a factor of at 

least 10, corresponding by a log2-fold change ≥ 3.33 and a qValue ≤ 0.01, respectively  

(Table 1). Regarding the subcellular location, 46 out of the 50 most enriched proteins were 

clearly allocated to the ER. Based on presented circumscribed data set (Table 1) we focused on 

proteins with similar gene function in order to obtain clusters for potential interacting partners. 

Among the 50 proteins listed (Table 1), 9 members of the protein disulfide isomerase (PDI) 

family were identified: Cysteine-rich with EGF-like domain protein 2 (CRELD2), Anterior 

gradient protein 2 homolog (AGR2), Protein disulfide-isomerase A4 (PDIA4), Thioredoxin 

domain-containing protein 5 (TXNDC5), Prolyl 4-hydroxylase subunit beta (P4HB), Protein 

disulfide-isomerase A3 (PDIA3), Endoplasmic reticulum resident protein 29 (ERP29), 

Thioredoxin-related transmembrane protein 1 (TMX1) and Protein disulfide-isomerase A6 

(PDIA6) [38-40]. A second cluster of 10 proteins was detected, representing luminal (co-) 

chaperones, affiliated to different heat shock protein families and ER resident lecithin 

chaperones: Hypoxia up-regulated protein 1 (HYOU1), DnaJ homolog subfamily B member 12 

(DNAJB12), DnaJ homolog subfamily B member 11 (DNAJB11), DnaJ homolog subfamily C 

member 3 (DNAJC3), Endoplasmic reticulum chaperone BiP (HSPA5), LRP chaperone MESD 

(MESDC2), Endoplasmin (HSP90B1), co-chaperone Protein canopy homolog 3 (CNPY3) as 

well as the two lectins Calreticulin (CALR) and Calnexin (CNX) [41-45]. Further, 6 proteins 

with calcium binding features were registered, namely Reticulocalbin-1 (RCN1), Calumenin 

(CALU), 45 kDa calcium-binding protein (SDF4), Inactive C-alpha-formylglycine-generating 

enzyme 2 (SUMF2), VIP36-like protein (LMAN2L) and Reticulocalbin-2 (RCN2) [46].  
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Table 1. Top 50 biotinylated proteins identified by mass spectrometry after 

immunoprecipitation using streptavidin-labeled magnetic beads (log2-fold change ≥ 3.33 

and a qValue ≤ 0.01). PDI family members are highlighted in green, proteins with calcium 

binding features are marked in blue, ER resident (co-) chaperones in yellow. Bait protein H6PD 

(bold) is marked in orange. The presented log2-fold change represents enrichment of identified 

peptides in H6PD-BirA*-HA clone samples compared to MDA-MB 231 control samples. The 

numbers of peptides used for quantification of each protein is listed in the “Peptides” column. 

Suspected gene function and subcellular localization were adapted from UniProt (24th 

December 2020) and sources cited in this work. The presented data were determined on the 

basis of results from three independent experiments. 

 

Finally, Mannosyl-oligosaccharide glucosidase (MOGS), Protein O-mannosyl-transferase 

TMTC3 (TMTC3), Selenoprotein F (SELENOF), Glucosidase 2 subunit beta (PRKCSH), 

UDP-glucose glycoprotein glucosyltransferase 1 (UGGT1), Multifunctional procollagen lysine 

hydroxylase and glycosyltransferase LH3 (PLOD3), Chitinase domain-containing protein 1 

Gene  Peptides Log2 ratio Gene function  Subcellular localization 

MOGS 3 9.68 Mannosyl-oligosaccharide glucosidase  ER membrane 

CRELD2 1 8.51 Protein disulfide isomerase ER 

TMTC3 2 8.12 Mannosyltransferase  ER 

TMED2 2 7.64 Vesicular protein trafficking ER membrane / Golgi 

IKBIP 3 7.40 Target of p53 with pro-apoptopic function ER membrane 

AGR2 5 6.16 Protein disulfide isomerase  ER 

SELENOF 7 5.47 Quality control of protein folding  ER 

HYOU1 52 5.39 Chaperone ER 

RCN1 12 5.37 Calcium binding protein  ER 

PDIA4 46 5.20 Protein disulfide isomerase ER 

MCFD2 2 5.17 Part of a cargo receptor for ER-to Golgi transport ER/ Golgi  

DNAJB12 2 5.16 Chaperone ER/ Nucleus 

H6PD 84 5.10 BAIT / Luminal NADPH generation ER 

MYDGF 3 5.08 Promotes cardiac myocyte survival and angiogenesis ER/ Golgi / Extracellular secreted 

TMED9 4 5.04 Involved in vesicular protein trafficking ER membrane / Golgi apparatus 

LMAN1 16 4.88 Part of a cargo receptor for ER-to Golgi transport ER/ Golgi  

PRKCSH 16 4.86 Glucosidase (subunit) ER 

TXNDC5 16 4.85 Protein disulfide isomerase ER 

CALU 17 4.83 Calcium binding protein ER membrane / Golgi  

SDF4 2 4.80 Calcium binding protein Plasma membrane / Cytoplasm 

P4HB 36 4.76 Protein disulfide isomerase ER 

PDIA3 49 4.75 Protein disulfide isomerase ER 

DNAJB11 12 4.58 Chaperone ER 

DNAJC3 16 4.55 Chaperone ER 

HSPA5 61 4.49 Chaperone ER 

ITGB1 9 4.48 Integrin Endosome / Plasma membrane 

PCYOX1 4 4.48 Oxidoreductase Lysosome 

NUP210 7 4.44 Nucleoporin ER/ Nucleus 

UGGT1 59 4.31 Glycosyltransferase ER 

ERO1A 13 4.18 Oxidoreductase ER 

CNPY3 8 4.17 (co-) Chaperone ER 

SUMF2 7 4.14 Calcium binding protein ER 

LMAN2L 2 4.12 Calcium binding protein ER/ Golgi  

PLOD3 3 4.11 Hydroxylase / Glycosyltransferase ER/ Extracellular secreted 

ERP29 9 4.07 Protein disulfide isomerase ER 

TMX1 3 4.02 Protein disulfide isomerase ER 

MANF 12 3.95 Growth factor ER/ Extracellular secreted 

FKBP2 8 3.87 Isomerase ER 

NENF 4 3.83 Growth factor Extracellular secreted 

CALR 16 3.83 Chaperone ER 

P3H1 3 3.81 Oxidoreductase ER/ Extracellular secreted 

MLEC 7 3.73 Carbohydrate binding protein ER 

PDIA6 15 3.62 Protein disulfide isomerase ER 

MESDC2 8 3.61 Chaperone ER 

CNX 24 3.60 Chaperone ER 

PRDX4 15 3.55 Thioredoxin peroxidase ER/ Cytoplasm 

TMEM43 3 3.49 Nuclear membrane protein ER/ Nucleus 

HSP90B1 43 3.45 Chaperone ER 

CHID1 4 3.37 Oligosaccharide binding protein Lysosome / Extracellular secreted 

RCN2 4 3.33 Calcium binding protein ER 
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(CHID1) were associated with different, not directly interrelated, tasks of luminal glycoprotein 

quality control and processing [47-52]. Regarding further investigations, we decided to enclose 

potential interactors descending from presented clusters by restricting selection parameters (i.e 

log2-fold change and numbers of peptides used for protein quantification). AGR2, a PDI family 

member was found to show the highest log2-fold change (6.16) regarding potential interacting 

candidates which were quantified by more than 2 peptides. We therefore decided to further 

investigate this particular potential interacting partner of H6PD. 

PDI family member AGR2 interacts directly with H6PD in MCF7 cells 

endogenously expressing H6PD and AGR2 

To confirm the interaction between AGR2 and H6PD in vivo, we performed Co-IP experiments 

as described, using reversible crosslinking agents. Previous to these examinations, we tested 

different breast cancer cell lines for AGR2 and H6PD protein expression levels (Suppl. Figure 

2) to identify suitable cell lines for Co-IP experiments. The estrogen receptor and progesterone 

receptor positive cell line MCF7 showed the most abundant protein expression of AGR2 

compared to triple negative breast cancer cell lines SUM 159 and MDA-MB 231 (H6PD-

BirA*-HA clone) and was therefore subjected to Co-IP along with MDA-MB 231 [53]  

(Suppl Fig 2). After using an anti-H6PD antibody for Co-IP, bands for AGR2 were detected 

following 10 s and 35 s of exposure in immunoprecipitation (IP) samples (Fig 3). AGR2 protein 

bands were absent in samples incubated with IGG control.  

Additionally, MOGS, CRT and CNX were probed with the corresponding antibodies to test 

potential interacting partners of H6PD, descending from other hit clusters. Whereas probing 

MOGS and CNX showed weak band signals in IP samples, supporting a direct interaction, 

bands for CRT were not detected. β-Actin was probed to exclude non-specific binding of the 

anti-H6PD antibody used. Previous to Co-IP experiments we tested the anti-H6PD antibody for 

its suitability regarding IP applications to ensure sufficient antigen binding (Suppl. Fig 3).  
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Figure 3. AGR2 interacts with H6PD in MCF7 cells. Co-IP assay of MCF7 and MDA-MB 

231 cells. Reversible crosslinking using DSP and DTME as crosslinking agents was carried out 

as described. AGR2, MOGS, CRT and CNX were probed using the corresponding antibodies. 

β-Actin was used as negative control to exclude non-specific binding.  

 

AGR2 silencing using siRNA increases H6PD protein levels in MCF7 cells 

and MDA-MB 231 cells  

In order to investigate a potential direct effect of AGR2 on H6PD protein expression, we 

transfected MCF7 and MDA-MB 231 cells with siRNA against AGR2 and compared H6PD 

protein expression levels in relation to mock-transfected cells. Transfection using siRNA 

against H6PD served for verification of the anti-H6PD antibody. H6PD protein expression was 

significantly increased in MCF7 cells transfected with siRNA against AGR2 72 h after 

transfection (Fig 4A-B). MDA-MB 231 cells showed significantly increased H6PD protein 

levels 48 h after transfection using siRNA against AGR2 (Fig 4C-D).  

However, AGR2 silencing did neither affect H6PD protein levels in MCF7 cells 48 h after 

transfection, nor in MDA-MB 231 cells 72 h after transfection. Furthermore, H6PD silencing 

did not affect AGR2 expression in any of the two cell lines (data not shown). 
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Figure 4. AGR2 knockdown leads to increased H6PD protein expression levels in MCF7 

and MDA-MB 231 cells. A) H6PD and AGR2 protein expression levels in MCF7 cells upon 

transfection with mock siRNA, H6PD siRNA or AGR2 siRNA. Protein levels were detected 

72 h post-transfection as shown in a representative western blot analysis. β-Actin served as 

loading control B) Relative H6PD protein levels determined by densitometry analysis 

(normalized to mock siRNA treated cells). Data represent mean ± SD from three independent 

experiments. One-way ANOVA with Tukey’s post hoc test, p values: *<0.05, **<0.01, 

***<0.001. C) H6PD protein expression levels in MDA-MB 231 cells upon transfection with 

mock siRNA or H6PD siRNA. Protein levels were detected 48 h post transfection as shown in 

a representative western blot image. β-Actin served as loading control. D) Relative H6PD 

protein levels determined by densitometry analysis (normalized to mock siRNA treated cells). 

Data represent mean ± SD from three independent experiments Two-tailed Student’s t-test, p 

values: *<0.05, **<0.01, ***<0.001. 
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H6PD activity is increased in HEK-293 cells co-transfected with H6PD-MYC 

/ AGR2-FLAG compared to H6PD-MYC transfected control 

In order to assess the direct impact of AGR2 on H6PD activity, we transfected HEK-293 cells 

with plasmids encoding H6PD-MYC combined with or without plasmids encoding AGR2-

FLAG. Microsomal fractions were isolated and H6PD activity was measured. To estimate 

H6PD activity over a period of 30 min, we measured absorbance at 340 nm, monitoring the 

formation of NADPH. H6PD activity was compared between the two groups by examining the 

slopes of the linear regression lines to the data points obtained (Fig 5). The presented linear 

regressions obtained from cells transfected with both H6PD-MYC and AGR2-FLAG showed a 

significantly steeper slope compared to cells expressing H6PD-MYC only (p = 0.0008), 

indicating a direct impact of AGR2 on H6PD activity. We further analyzed the H6PD protein 

expression levels in the two different groups to clarify whether the increased microsomal H6PD 

activity of co-transfected cells was due to higher H6PD expression. However, there was no 

significant difference in H6PD protein expression between the two groups, suggesting that 

AGR2 co-expression did not increase total expression but enhanced the fraction of active H6PD 

enzyme. 
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Figure 5. H6PD-MYC / AGR2-FLAG co-transfection accelerates NADPH generation in 

HEK-293 cells compared to cells transfected with H6PD-MYC. A) H6PD activity assay in 

microsomal preparations from HEK-293 cells transfected with H6PD-MYC or co-transfected 

with H6PD-MYC and AGR2-FLAG. NADPH specific absorbance at 340 nm was measured 0, 

1, 5, 10, 15, 20 and 30 min after administration the H6PD-specific substrate glucose-6-sulfate 

and cofactor NADP+, respectively. Linear regressions were applied and compared, resulting in 

significantly different slopes (p = 0.0008). B) Representative western blot of transfected HEK-

293 cells. C) H6PD protein levels determined by densitometry analysis (relative to Lamin B1 

protein levels). Lamin B1 served as loading control. Data represent mean ± SD from three 

independent experiments. One-way ANOVA with Tukey’s post hoc test, p values: *<0.05, 

**<0.01, ***<0.001. 
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Increased H6PD protein levels upon AGR2 silencing do not alter 11β-HSD1 

activity in MDA-MB 231 cells 

Next, we tested whether the observed increase of H6PD protein levels upon AGR2 knockdown 

would result in altered 11β-HSD1-mediated conversion of cortisone to cortisol, which in turn 

represents an indirect indicator of H6PD activity. MDA-MB 231 cells stably expressing 11β-

HSD1-FLAG were subjected to transfection using siRNA against H6PD or AGR2. Mock-

transfected cells served as control. Cortisone to cortisol conversion was determined after 1 h 

and 4 h respectively as described before. There was no observable difference in cortisol 

formation between the examined groups 1 h after the experiment start (Fig 6A). Significant 

differences in cortisone to cortisol conversion within the differently treated cells were observed 

after 4 h, illustrated in significantly decreased 11β-HSD1 activity in cells subjected to H6PD 

silencing (Fig 6B). However, no difference in cortisol formation was observed between cells 

subjected to mock-transfection or AGR2 silencing. This is in contrast to H6PD protein levels, 

which were significantly increased upon AGR2 knockdown compared to mock-transfection 

(Fig 6C), suggesting accumulation of inactive protein.  
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Figure 6. AGR2 knockdown does not alter cortisone to cortisol conversion in MDA-MB 

231 cells stably expressing 11β-HSD1-FLAG (11β-HSD1-FLAG clone) despite 

significantly increased H6PD protein expression levels. A) Conversion (%) of cortisone to 

cortisol 1 h and B) 4 h after administration of (radioactive labeled) cortisone, in 11β-HSD1-

FLAG clone, previously transfected with mock siRNA, H6PD siRNA or AGR2 siRNA. C) 

Representative western blot of H6PD protein and D) Relative H6PD protein levels determined 

by densitometry (normalized to mock siRNA treated cells). E) Characterization of 11β-HSD1-

FLAG clone by western blot analysis. Data represent mean ± SD from three independent 

experiments. One-way ANOVA with Tukey’s post hoc test, p values: *<0.05, **<0.01, 

***<0.001. 
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Discussion 

Almost a decade ago, Roux and colleagues developed BioID, a tool for proximity labeling of 

proteins in living mammalian cells [54]. Ever since, numerous publications affirmed the 

applicability of BioID in the elucidation of protein interactomes. BioID was successfully 

deployed not only in the focus of studying mammalian cells but also during examinations of 

plants, viruses, bacteria, protozoa and even living animals [55-59]. In the presented study, we 

used the approach of BioID to identify novel interacting partners of the ER resident protein 

H6PD, the only known source of luminal NADPH.  

The triple negative breast cancer cell line MDA-MB 231 served as a model system for the 

generation of cells stably expressing H6PD-BirA*-HA. Thorough validation of luminal 

biotinylation was followed by MS analysis of biotinylated proteins. The specificity of our 

approach was underpinned by the fact that 45 of the 50 most enriched proteins were found to 

be spatially associated with the ER.  

AGR2 was selected from the pool of potential interactors and further examined for its role 

regarding protein expression and functionality of H6PD. The expression of AGR2 was 

previously shown to be positively correlated with the expression of the estrogen receptor in 

estrogen receptor positive breast cancers cell lines. Furthermore, breast cancer patients 

suffering from AGR2-postive carcinomas were associated with a significantly shorter survival 

time compared to patients with AGR2-negative tumors [60, 61]. The results of the present study 

suggest that AGR2 enhances the fraction of functionally expressed and active H6PD protein. 

H6PD was recently found to promote breast cancer cell proliferation and migratory capacity 

and knockdown suppressed these effects [17]. Interestingly, studies exploring the interactome 

of AGR2 revealed a partially overlapping list of interacting partners with that obtained in the 

present study on H6PD. HSPA5, ERP29, PRXV, ERO1A, PDIA3, PDIA6 and CNX were found 

in a screening for AGR2 interactors using Co-IP as well as in our presented data set [62]. Thus, 

the functional interactions of H6PD and the above mentioned proteins remains to be explored. 

Moreover, Maurel et al. showed that TMED2, ranked as fourth most enriched protein in the 

present work, was found to directly regulate AGR2 dimerization. Additionally, among the 71 

presented candidates involved in AGR2 regulation, 7 of them were also found in the screening 

for H6PD interactors. HYOU1, ERO1A and HSP90B1 represented the fraction of candidate 

AGR2 homodimer inhibitors, which were also found in our screening. TMED2, LMAN1, 

UGGT1 and H6PD were assumed to be AGR2 homodimer enhancers [63]. Focusing on the 
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physiological point of view, AGR2 has been shown to play an important role in the folding of 

cysteine rich proteins by forming mixed disulfides with protein substrates and, subsequently re-

arranging disulfide bonds [64, 65]. The amino acid sequence of H6PD (Sequence: 

NM_001282587.2) displays 10 cysteine residues, which could be involved in the interaction 

with AGR2.  

In the present study we demonstrated a direct interaction between AGR2 and H6PD, in MCF7 

cells with endogenous expressing, by reversible crosslinking followed by Co-IP. AGR2 

silencing using siRNA had a direct impact on H6PD protein expression levels in MCF7 and 

MDA-MB 231 cells. Further, an enhanced activity of H6PD in the presence of AGR2 was 

shown in HEK-293 cells co-transfected with both enzymes, compared to cells expressing H6PD 

only. Despite the significantly higher H6PD protein levels upon AGR2 silencing in 11β-HSD1 

expressing MDA-MB 231 cells, an increase in cortisone to cortisol conversion could not be 

observed. This leads to the assumption that the observation of higher H6PD protein levels was 

due to the accumulation of immature and/or misfolded, inactive H6PD enzyme. This 

assumption is in line with a role for AGR2 as a PDI family member, involved in controlling 

protein folding. However, this needs further investigation.  

Finally, it should be noted that none of the listed potential interactors of H6PD could be assigned 

to the short-chain dehydrogenases/reductases (SDR) family. SDRs represent one of the largest 

protein families with more than 70 genes in human and roles in the metabolism of xenobiotics, 

lipids, prostaglandins, retinoids and steroid hormones [66]. We anticipated that besides the SDR 

11β-HSD1, where a direct interaction was shown [18], other SDR members would exist that 

require NADPH in the ER. The absence of such NADPH-interacting SDR partners supports the 

prevailing hypothesis of the existence of an alternative source capable of generating luminal 

NADPH [69, 70].  

In conclusion, BioID is a useful tool for the screening of protein interactions, also in the ER 

lumen, and therefore a valuable technique to expand our understanding of this still insufficiently 

understood cellular compartment. However, incubation periods for sufficient biotinylation 

might be extended when applying BioID as discovery tool for luminal protein-portein-

interactions compared to applications in the cytoplasm. Moreover, validation of potential 

interactors is crucial and false positive hits were found to be a concern when using BioID to 

screen for interactions [71, 72]. Potential interactors identified by BioID based approaches need 

to be further examined by a second method, which ideally includes an endogenous cell system 

(e.g. Co-IP or fluorescence image co-localization analysis). Finally, it has to be addressed that 
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endogenously biotinylated proteins, such as biotin-dependent carboxylases, may limit the 

applicability of BioID [73].  
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Supplementary data 

 

Suppl. Table 1. Sequence of H6PD-BirA*-HA construct. Sequences of different motifs are 

shown as follows: Hexose-6-phosphate dehydrogenase (H6PD) – Linker - promiscuous biotin 

ligase (BirA*) - human influenza hemagglutinin (HA). 

  

 

MWNMLIVAMCLALLGCLQAQELQGHVSIILLGATGDLAKKYLWQGLFQLYLDEAGRGHSFSFHGAALTAPKQGQELMAKALESLSCPKD

MAPSHCAEHKDQFLQLSQYRQLKTAEDYQALNKDIEAQLQHAGLREAGRIFYFSVPPFAYEDIARNINSSCRPGPGAWLRVVLEKPFGHDH

FSAQQLATELGTFFQEEEMYRVDHYLGKQAVAQILPFRDQNRKALDGLWNRHHVERVEIIMKETVDAEGRTSFYEEYGVIRDVLQNHLTEV

LTLVAMELPHNVSSAEAVLRHKLQVFQALRGLQRGSAVVGQYQSYSEQVRRELQKPDSFHSLTPTFAAVLVHIDNLRWEGVPFILMSGKAL

DERVGYARILFKNQACCVQSEKHWAAAQSQCLPRQLVFHIGHGDLGSPAVLVSRNLFRPSLPSSWKEMEGPPGLRLFGSPLSDYYAYSPVR

ERDAHSVLLSHIFHGRKNFFITTENLLASWNFWTPLLESLAHKAPRLYPGGAENGRLLDFEFSSGRLFFSQQQPEQLVPGPGPAPMPSDFQV

LRAKYRESPLVSAWSEELISKLANDIEATAVRAVRRFGQFHLALSGGSSPVALFQQLATAHYGFPWAHTHLWLVDERCVPLSDPESNFQGL

QAHLLQHVRIPYYNIHPMPVHLQQRLCAEEDQGAQIYAREISALVANSSFDLVLLGMGADGHTASLFPQSPTGLDGEQLVVLTTSPSQPHR

RMSLSLPLINRAKKVAVLVMGRMKREITTLVSRVGHEPKKWPISGVLPHSGQLVWYMDYDAFLGGSKDNTVPLKLIALLANGEFHSGEQL

GETLGMSRAAINKHIQTLRDWGVDVFTVPGKGYSLPEPIQLLNAKQILGQLDGGSVAVLPVIDSTNQYLLDRIGELKSGDACIAEYQQAGRG

GRGRKWFSPFGANLYLSMFWRLEQGPAAAIGLSLVIGIVMAEVLRKLGADKVRVKWPNDLYLQDRKLAGILVELTGKTGDAAQIVIGAGIN

MAMRRVEESVVNQGWITLQEAGINLDRNTLAAMLIRELRAALELFEQEGLAPYLSRWEKLDNFINRPVKLIIGDKEIFGISRGIDKQGALLLE

QDGIIKPWMGGEISLRSAEKAYPYDVPDYA 



58  

 

Suppl. Figure 1. Identification of biotinylated 11β-HSD1 by quantitative mass 

spectrometry in cells stable expressing H6PD-BirA*HA and 11β-HSD1-FLAG. The x axis 

of presented volcano plots show the ratio (log2-fold-change) of median protein abundance in 

A) samples from cells stably co-expressing H6PD-BirA*-HA and 11β-HSD1-FLAG in 

comparison to cells stably expressing 11β-HSD1-FLAG and B) samples from cells stably 

expressing H6PD-BirA*-HA in comparison to cells stably expressing 11β-HSD1-FLAG. 

Dashed line in A) and B) represents a qValue of 0.01. Relative protein intensities of C) 11β-

HSD1 and D) H6PD measured in the presented groups are indicated. Data represent mean ± SD 

from three independent experiments. One-way ANOVA with Tukey’s post hoc test, p values: 

*<0.05, **<0.01, ***<0.001. 
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Suppl. Figure 2. Representative western blot analysis indicates relative H6PD and AGR2 

protein expression levels in MCF7, SUM 159 and MDA-MB 231 cells (H6PD-BirA*-HA 

clone). Cell lysates were probed for H6PD and AGR2 protein expression levels, demonstrating 

high AGR2 protein expression levels in estrogen and progesterone receptor positive breast 

cancer cell line MCF7 compared to barely detectable AGR2 protein expression levels in triple 

negative breast cancer cell line SUM 159 cells and MDA-MB 231 (H6PD-BirA*-HA clone) 

cells. β-Actin served as loading control. 

 

 

Suppl. Figure 3. Representative western blot analysis to indicate the suitability of 

polyclonal rabbit anti-H6PD antibody for Co-IP. Samples of MDA-MB 231 and MCF7 cell 

lysate (input) were incubated using IGG control or polyclonal rabbit anti-H6PD antibody (IP) 

over night and afterwards mixed with protein A magnetic beads, to form an anti-H6PD-

antibody-protein A magnetic beads complex. Remaining lysates were probed for the detection 

of H6PD protein expression levels after separation of magnetic beads. Non-incubated lysate 

(input) serves as positive control. β-Actin served as loading control. 
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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 relatively frequent disease recurrence in cases 

without radical surgery. Elucidating the molecular mechanisms underlying E. multilocularis 

infections and host-parasite interactions 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 six weeks after infection 

into vehicle and albendazole (ABZ) treated groups. Eight weeks later, liver tissue was collected 

to examine mRNA, microRNA (miR) and protein expression of UPR- and ERS-related genes.  

Results 

E. multilocularis infection upregulated UPR- and ERS-related proteins, 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 the increased ATF6 and calreticulin protein expression, tended to 

reverse increased CHOP, GRP78, ERP72 and H6PD expression, and decreased ATF4 and 

IRE1α expression to levels seen in mock-infected mice. The expression of miR-146a-5p 

(downregulated by IRE1α) and miR-1839-5p (exhibiting a unique target site in the IRE1α 

3’UTR) were significantly increased in E. multilocularis infected mice, an effect reversed by 

ABZ treatment. Other miRs analyzed were not altered in E. multilocularis infected mice. 

Conclusions and Significance 

AE causes UPR activation and ERS in mice. The E. multilocularis-induced ERS was 

ameliorated by ABZ treatment, indicating its effectiveness to inhibit parasite proliferation and 

downregulate its activity status. ABZ itself did not affect UPR in control mice. Identified miR-

146a-5p and miR-1839-5p might represent biomarkers of E. multilocularis infection. 

Modulation of UPR and ERS, in addition to ABZ administration, could be exploited to treat E. 

multilocularis infection. 
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Author summary 

Alveolar echinococcosis is a zoonotic disease caused by 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 infection and upon treatment with albendazole (ABZ) 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, H6PD, 

generating 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 miR-1839-5p and miR-146-p, linked 

to IRE1α, were elevated upon E. multilocularis infection, offering potential as novel biomarkers 

of alveolar echinococcosis. The observed gene expression changes were at least partially 

reversed by ABZ treatment. Whether modulation of UPR and ERS targets can improve the 

therapy of alveolar echinococcosis remains to be investigated. 

Abbreviations 

ABZ, albendazole; AE, alveolar echinococcosis; ATF4, activating transcription factor 4; ATF6, 

activating transcription factor 6; CHOP, CCAAT/enhancer-binding protein homologous 

protein; CNX, calnexin; CRT, calreticulin; CTRL, control; eIF2α, eukaryotic initiation factor 

2α; E. multilocularis, Echinococcus multilocularis; ER, endoplasmic reticulum; ERAD, ER-

associated degradation; ERP72, endoplasmic reticulum resident protein 72; ERS, endoplasmic 

reticulum stress; GRP78, glucose-regulated protein 78; H6PD, hexose-6-phosphate 

dehydrogenase; HRP, horse-radish peroxidase; IRE1α, inositol-requiring enzyme 1α; 

microRNA(s), miR(s); PERK, protein kinase R (PKR) like ER kinase; PVDF, polyvinylidene 

difluoride; RIPA, radioimmunoprecipitation assay; RT-qPCR, real-time quantitative 

polymerase chain reaction; UPR, unfolded protein response; XBP1(-s), X-box binding protein 

1 (-spliced); 
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Introduction 

Alveolar echinococcosis (AE) is a severe helminthic disease caused by accidental ingestion of 

eggs from the fox tapeworm Echinococcus multilocularis (E. 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]. Treatment by radical surgical resection is limited by the diffuse infiltrations of AE lesions 

in liver and other tissues in advanced cases [9, 10]. 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 [11-14]. An 

inadequate adherence to chemotherapy, due to adverse side effects, can explain the relapsing 

spread of AE and a worsening general condition of patients with severe E. multilocularis 

infiltrations [15, 16]. Considering these circumstances, the rising numbers 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 [17-22].  

Several bacteria and viruses have been described to modulate endoplasmic reticulum (ER) 

stress (ERS) and unfolded protein response (UPR), either by bacterial virulence factors such as 

toxins (e.g. cholera toxin, pore-forming toxins) or by the increased demand of newly 

synthesized proteins for the production of virions [23-28]. 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) [27, 29], Dengue virus (DENV) [30], West Nile 

virus (WNV) [31] or Human cytomegalovirus (HCMV) [32]. Moreover, facilitated replication 

of viruses and immune evasion represent key features following UPR activation by Mouse 

hepatitis virus (MHV) [33] and Herpes simplex virus 1 (HSV-1) [34]. On the other hand, an 

ERS-induced upregulation of UPR-related genes was linked to an enhanced production of pro-

inflammatory cytokines in B-cells and stellate cells [35, 36]. A modulation of the UPR pathway 

was reported not only during viral but also bacterial infections. Legionella pneumophila 

infection led to an inhibition of X-box binding protein 1 (XBP1) splicing in mammalian host 

cells, thereby suppressing the host UPR pathway [37]. 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. 
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Decreased levels of phosphorylated eukaryotic initiation factor 2α (eIF2α) in infected cells were 

associated with enhanced bacterial survival [38].  

However, to date the knowledge of pathogen-induced ERS and UPR activation is incomplete 

and mainly limited to bacterial and viral infections. In this regard, 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 [39]. Another study in a mouse model provided evidence that 

Plasmodium berghei exploits the host’s UPR machinery for its survival [40]. However, little is 

known about the involvement of ERS and UPR activation in E. multilocularis infection.  

The present study addressed a possible role of the modulation of UPR- and ERS-related proteins 

in host cells in response to AE and investigated the effect of these pathways using E. 

multilocularis infected mice as a model. 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 therapeutic strategies to cope with parasitic infections [41-43]. 

Additionally, this work investigated whether microRNAs (miRs), small non-coding single 

stranded RNAs (17-24 nucleotides) that regulate the post-transcriptional levels of mRNAs by 

inhibiting their translation to proteins, may be altered upon E. multilocularis infection. Several 

studies revealed a functional interaction between UPR/ERS signaling and the expression of 

miRs [44-46]. Silencing of miRs was found to be involved in ERS signaling and miRs act as 

effectors and modulators of the UPR and ERS pathways [47]. 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 [48-

54]. In this regard, 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 regulator GRP78 [47, 55, 56]. On the other side, UPR pathways also can affect the 

expression of some miRs, as shown by inositol-requiring enzyme 1α (IRE1α) that cleaves the 

precursors of anti-apoptotic miR-17-5p, miR-34a-5p, miR-96-5p and mir-125b-5p, which in 

turn negatively regulate the expression of caspase 2 and thioredoxin-interacting protein [57, 

58]. 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 [58]. 

Boubaker et al. recently described a murine miR signature in response to early stage E. 

multilocularis egg infection where the expression of seven miRs (miR-148a-3p, miR-143-3p, 

miR-101b-3p, miR-340-5p, miR-22-3p, miR-152-3p and miR-30a-5p) was decreased in AE-

infected compared to mock-infected mice. In contrast, E. multilocularis infected mice exhibited 
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significantly higher levels of miR-21a-5p, miR-28a-5p, miR-122-5p and miR-1839-5p 

compared to the mock-infected controls [59]. The miRs mentioned above were therefore also 

analyzed in the present study.  

Materials and Methods 

Chemicals and reagents 

Polyvinylidene difluoride (PVDF) membranes (Cat# IPVH00010, pore size: 0.45 µm), 

Immobilon Western Chemiluminescence horseradish-peroxidase (HRP) substrate kit, 

radioimmunoprecipitation assay (RIPA) buffer, β-mercaptoethanol, HRP-conjugated goat anti-

mouse secondary antibody (Cat# A0168, RRID:AB_257867), rabbit polyclonal anti-hexose-6-

phosphate dehydrogenase (H6PD) antibody (Cat# HPA004824, RRID:AB_1079037), protease 

inhibitor cocktail, dNTPs, KAPA SYBR® FAST kit and qPCR kit were purchased from Merck 

(Darmstadt, Germany). RNeasy Mini kit and QIAcube were obtained from Qiagen (Venlo, 

Netherlands), GoScript reverse transcriptase (Cat# A5003) from Promega (Fitchburg, WI, 

USA), rabbit monoclonal anti-lamin B1 antibody (Cat# ab133741, RRID:AB_2616597) from 

Abcam (Cambridge, UK) and mouse monoclonal anti-GRP78 antibody (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-calreticulin (CRT) 

antibody (Cat# 2891, RRID:AB_2275208), rabbit polyclonal anti-eIF2α antibody (Cat# 9722, 

RRID:AB_2230924), rabbit monoclonal anti-ATF4 antibody (Cat# 11815, 

RRID:AB_2616025) and rabbit monoclonal anti-ATF6 antibody (Cat# 65880, 

RRID:AB_2799696) were purchased from Cell Signaling (Cambridge, UK). Mouse 

monoclonal anti-PERK antibody (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 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 transcription kit (Cat# 4366596), TaqMan fast advanced master mix (Cat# 

4444556), TaqMan probes (Cat# 4427975, Assay IDs 000468, 000389, 000398, 000470, 

121135_mat, 000416, and 001234) and ViiA 7 real-time PCR system (Cat# 4453545) were 
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purchased from Applied Biosystems (Foster City, CA, 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).  

Ethics Statement 

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 Experimentation of the Canton of Bern 

(approval no. BE112/17). 

Animal experimentation and sampling 

Animal experimentation, liver tissue extraction and corresponding liver tissue samples were 

previously described by Wang et al. [60]. Briefly, female 8-week-old wild type C57BL/6 mice 

were randomly distributed into 4 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”); and 4) mock-infected, ABZ-treated mice (referred to as “ABZ”) (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 accordance with the Federation of European Laboratory 

Animal Science Association (FELASA) guidelines. During the experimental period animals 

were examined weekly for subjective presence of health status and changes in weight. At the 

end of the experiment the mice were euthanized by CO2 and liver tissue was resected followed 

by immediate freezing in liquid nitrogen and storage at -80°C until use. 

Parasite preparation and secondary infection of mice by intraperitoneal 

administration  

Infection with E. multilocularis by intraperitoneal injection was conducted as previously 

described [61]. 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 sterile 50 μm sieve, roughly 100 vesicular cysts were suspended in 100 μL sterile 

PBS and administrated via intraperitoneal injection to group 2 (“AE”) and 3 (“AE-ABZ”). Mice 

of the mock-infected groups 1 (“CTRL”) and 4 (“ABZ”) received 100 μL of sterile PBS. 
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Treatment  

Treatment started 6 weeks after initial infection (S1 Fig). 100 μL corn oil were orally 

administrated to groups 1 (“CTRL”) and 2 (“AE”) five times per week. Group 3 (“AE-ABZ”) 

and 4 (“ABZ”) received 100 μL corn oil containing ABZ (200 mg/kg body weight) orally five 

times per week. The treatment was terminated after 8 weeks and mice were euthanized.  

Analysis of protein expression by western blot 

The procedures for liver sample preparation and western blot analysis have been previously 

described [62]. 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 

sulfate) 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 10-14% SDS-PAGE and 

blotted 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-rabbit 

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 

Immobilon Western Chemiluminescence HRP substrate. Protein bands were quantified by 

densitometry 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 

Methods for preparation of liver samples, RNA isolation and RT-qPCR analysis were 

performed as described [60]. Briefly, total RNA was isolated from liver tissue (approximately 

8 mg) by homogenization (30 s, 6500 rpm, 4°C; Precellys-24 tissue homogenizer) in 350 µL 

RLT buffer (RNeasy Mini Kit) supplied with 40 mM dithiothreitol, followed by centrifugation 

(3 min, 16,000 × g). The supernatant was further processed according to the manufacturer’s 

protocol for RNA isolation from animal tissues and cells using QIAcube. RNA quality and 
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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 gene β-

actin. Comparison of gene expression was performed using the 2-ΔCT-method using β-actin as 

housekeeping gene [63]. 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 

expression. Thus, miR-specific reverse transcription was performed for each miR using 10 ng 

of purified total RNA, 100 mM dNTPs, 50 U multiple reverse transcriptase, 20 U RNase 

inhibitor, and 50 nM of miR-specific reverse transcription primer samples using the TaqMan 

MicroRNA Reverse Transcription kit. 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 (5 µL of reverse transcription product, 10 µL TaqMan Fast Advanced Master Mix and 1 

µL TaqMan microRNA Assay Mix containing PCR primers and TaqMan probes) 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 (Applied Biosystems, Cat# 4453545). 

Statistical analyses 

Data are presented as mean ± SD. The significance of the differences between the examined 

animals were determined by Kruskal-Wallis test or one-way ANOVA, 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  

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 during parasitic 

infections is limited, this study examined the expression of key proteins related to these 
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pathways in liver tissues of mice infected with E. multilocularis. In the applied model of 

secondary E. multilocularis infection, differential effects on the expression of proteins of the 

different UPR and ERS branches were observed. Among the PERK pathway, ATF4 protein 

levels were significantly decreased in liver tissue of AE mice compared to mock-infected 

controls (Table 1, Fig 1). The expression of PERK and its target protein eIF2α were not affected 

by E. multilocularis infection. However, the most pronounced effects were observed for ERS 

related proteins of the ATF6 branch of the UPR (Table 1, Fig 2). The levels of all four proteins 

analyzed were elevated, 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 and GRP78 tended 

to be elevated with 2.2-fold and 2.7-fold higher levels, respectively. IRE1α protein expression 

was decreased by about 3-fold in E. multilocularis infected compared to control mouse liver 

tissues (Table 1, Fig 3), whilst its target the spliced form of XBP1 showed a trend to lower 

levels in liver tissues of infected mice (S2 Fig). However, XBP1 protein expression could not 

be assessed as no specific antibody could be identified.  

 

Table 1. Expression of proteins involved in UPR and ERS pathways. Protein levels in liver 

tissue samples were analyzed by western blot and densitometry (animals per group n=6). 

Numbers represent protein expression levels normalized to those of the control (CTRL) group 

(mean ± SD). Significantly decreased protein levels are highlighted in red and increased protein 

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 excluded. Non-

parametric, Kruskal-Wallis test. 

  Group 

Classification 

Pathway 

Relative protein 

expression 
(normalized to CTRL) 

CTRL 

(n=6) 
AE 

(n=6) 
AE-ABZ 

(n=6) 
ABZ 

(n=6) 

PERK branch 

PERK 1.0 1.1 (±0.8) 1.1 (±0.5) 2.8 (±2.6) 

eIF2α 1.0 1.5 (±0.5) 1.6 (±0.4) 1.1 (±0.4) 

ATF4 1.0 0.3 (±0.1)*,§ 0.8 (±0.2) 1.0 (±0.4) 

ATF6 branch 

ATF6 1.0 2.2 (±1.0)# 0.6 (±0.2) 1.2 (±0.5) 

CHOP 1.0 4.5 (±2.0)*,§ 3.0 (±1.4)§ 1.0 (±0.3) 

GRP78 1.0 2.7 (±1.5)§ 1.3 (±1.1) 1.0 (±0.3) 

ERP72 1.0 2.0 (±0.6)*,§ 1.3 (±0.6) 0.9 (±0.4) 

IRE1 branch IRE1α 1.0 0.3 (±0.2)*,§ 0.8 (±0.4) 1.3 (±0.7) 

ER chaperones 
Calnexin (CNX) 1.0 0.9 (±0.2) 1.2 (±0.6) 1.2 (±0.5) 

Calreticulin (CRT) 1.0 1.6 (±0.5)#,§ 0.9 (±0.3) 0.8 (±0.3) 

NADPH generation H6PD 1.0 2.6 (±1.8)* 1.4 (±0.6) 1.4 (±0.6) 
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Fig 1. E. multilocularis infection decreases ATF4 protein levels. Western blot and semi-

quantitative analysis by densitometry of protein levels of PERK, eIF2α and ATF4 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). 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 control and with CTRL set as 1. No outliers were excluded. The non-parametric Kruskal-

Wallis test was used to assess significance. *P≤0.05; ***p≤ 0.001. 
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Fig 2. Induction of the ATF6 branch of the UPR by E. multilocularis infection. Western 

blot and semi-quantitative analysis by densitometry of the protein levels of ATF6, CHOP, 

GRP78 and ERP72 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). 

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 control and with CTRL set as 1. No outliers were 

excluded. The non-parametric Kruskal-Wallis test was used to assess significance. *P≤0.05; 

**p≤0.01; ***p≤ 0.001. 
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Fig 3. Decreased IRE1α protein expression upon E. multilocularis infection. Western blot 

and semi-quantitative analysis by densitometry of IRE1α protein levels 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). 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 control and with CTRL set as 1. No outliers were excluded. The non-parametric Kruskal-

Wallis test was used to assess significance. *P≤0.05; **p≤0.01. 

 

Additional proteins with a role in ER-redox regulation and ERS include the ER resident lectin 

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 controls 

(Table 1, Fig 4). 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 

(Table 1, Fig 5).  
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Fig 4. The expression of the luminal chaperone CRT is increased upon E. multilocularis 

infection and reversed by ABZ treatment. Western blot and semi-quantitative analysis by 

densitometry of CNX and CRT protein levels 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). 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 control and with CTRL set as 

1. No outliers were excluded. The non-parametric Kruskal-Wallis test was used to assess 

significance. *P≤0.05. 

 

Treatment with ABZ reverses the effects of AE on proteins involved in UPR 

and ERS 

Treatment of AE mice with ABZ (AE-ABZ group) resulted in a reversal of the E. multilocularis 

induced alterations of UPR and ERS related protein expression (Table 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 the proteins analyzed in 

uninfected control mice (Table 1, Figs 1-5). Protein levels of PERK show a trend to be increased 

in ABZ treated, uninfected animals (Fig 1); however, this did not reach significance due to high 

variance in the detected signals. 
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Fig 5. Increased H6PD protein expression upon E. multilocularis infection. Western blot 

and semi-quantitative analysis by densitometry of protein levels of 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). 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 control and with CTRL set as 1. No outliers were excluded. The non-parametric Kruskal-

Wallis test was used to assess significance. *P≤0.05. 

 

Increased miR-146a-5p and miR-1839-5p expression in secondary E. 

multilocularis infection and reversal by ABZ treatment  

Boubaker et al. [59], using an early stage mouse model of E. multilocularis infection, identified 

several miRs with altered expression in liver tissues from infected mice. In the present study, 

the levels of the miRs exhibiting a target site in the 3’UTR of genes involved in UPR and ERS 

pathways were determined. The analysis of the seven mouse miRs miR-148a-3p, miR-15a-5p, 

miR-22, miR-146a-5p, miR-1839-5p, miR-30a-5p and miR-30a-3p revealed significantly 

higher levels (2.1-fold and 3.2-fold, respectively) of miR-1839-5p and miR-146a-5p in liver 

tissue samples of E. multilocularis infected mice (AE) compared to control animals (CTRL). 

The other miRs remained unchanged (S3 Fig). Interestingly, ABZ treatment of AE mice 

decreased miR-1839-5p (2.8 fold) and miR-146a-5p (5.8 fold) compared to the levels found in 

CTRL animals or even lower, and ABZ alone tended to decrease miR-1839-5p and miR-146a-

5p expression levels (Fig 6). 
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Figure 6. Altered expression of IRE1α related miRs upon E. multilocularis infection and 

reversal by ABZ treatment. A) Nucleotide sequence containing the murine IRE1α mRNA 3’- 

UTR. The start and stop codon of the IRE1α CDS are indicated in bold and the miR-1839-5p 

binding site is highlighted by red and bold letters. B) IRE1α mRNA levels normalized to the β-

actin housekeeping gene and relative to the levels obtained in control mice, and miR-1839-5p 

levels normalized to the Sno234 housekeeping gene and relative to uninfected controls. C) miR-

146-5p levels normalized to Sno234 and relative to uninfected controls. B, C) mock-infected 

control mice (CTRL), E. multilocularis infected mice (AE), infected mice treated with ABZ 

(AE-ABZ) or uninfected mice treated with ABZ (ABZ). Results represent mean ± SD. No 

outliers were excluded. One-way ANOVA test was used to assess significance. *P≤0.05; 

**p≤0.01; ***p≤ 0.001. 

 

Discussion 

Recent studies on viral, bacterial or intracellular parasitic infections emphasize the important 

roles of the UPR and ERS pathways in pathogen induced diseases [23-25, 64, 65]. Activation 

of the UPR, a specific form of ERS triggered by an accumulation of unfolded or misfolded 
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proteins within the ER, can be mediated by three branches, represented by the ER 

transmembrane stress sensor proteins ATF6, PERK and IRE1α [66-74] (Fig 7). In non-stressed 

cells, these proteins 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 response [75-77].  

The results of the present study revealed a pronounced induction of ATF6 in livers of mice 

infected with E. multilocularis. In contrast, the PERK and IRE1α branches were not activated 

but rather down regulated. Unfortunately, the levels of phosphorylated PERK, eIF2α and IRE1α 

could not be assessed due to the failure to identify specific antibodies. The decreased levels of 

ATF4 in livers of infected animals suggests that the observed upregulation of CHOP is caused 

by enhanced ATF6 activity. CHOP, well-known as a mediator of apoptosis, was previously 

found to play an important role in the efficient expansion of the intracellular fungus 

Histoplasma capsulatum [78]. Following infection 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 Escherichia coli on the induction 

upregulation of CHOP, which led to an accelerated apoptosis of the host cells [79]. 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 is different from a previous study on human cutaneous leishmaniasis where 

both CHOP and ATF4 were found to be upregulated [80]. Decreased levels of ATF4 were 

recently described as a mechanism of acquired resistance to cope with a limited availability of 

amino acids in cancer cells [81]. Unrestricted tumor growth requires a high demand of nutrients 

and has been associated with a depletion of essential amino acids in the tumor tissue. Similar 

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 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 samples 

from infected patients [82]. In contrast, the aromatic amino acids tyrosine and phenylalanine 

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. 
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Fig 7. 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: ATF6, IRE1α and PERK. 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. ERS promotes IRE1α dimerization and 

autophosphorylation, which activates the endoribonuclease activity resulting in the splicing and 

thereby activation of XBP. XBP1-s promotes the expression of ERAD related genes and 

chaperones (e.g. GRP78). 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 are proposed to control IRE1α gene expression and therefore affect the 

cellular ERS response. 

 

Similar to ARF4 also IRE1α protein expression levels were decreased in liver tissues of AE 

infected 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 [83, 84]. There are two IRE1 isoforms in mammals: the ubiquitously expressed IRE1α 

and IRE1β which is predominantly expressed in the intestine and lung [85]. Further analysis of 

the liver resident IRE1α showed that the decreased protein expression in E. multilocularis 

infected mouse livers is supported by lower mRNA levels along with an increased expression 
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of miR-1839-5p that has a target site in the 3’UTR of IRE1α as predicted by the computer-

based programs Targetscan (Whitehead Institute, Cambridge, MA, USA, RRID:SCR_010845) 

[86] and RNA22 (Thomas Jefferson University, Philadelphia, PA, USA, RRID:SCR_016507) 

[87]. Additionally, miR-146a-5p was found to be enhanced in livers of infected mice. An earlier 

study in primary dermal fibroblasts provided evidence for a down regulation of miR-146a-5p 

by IRE1-dependent cleavage in response to UPR activation. A decreased hepatic IRE1α 

expression and activity upon E. multilocularis infection might suppress the activation of pro-

inflammatory cytokines such as IL-1β as well as of NF-κB. Whether this promotes the 

progression of AE remains to be investigated.  

An extensive analysis of miRs altered in livers of mice after primary infection with E. 

multilocularis by Boubaker et al. identified, besides miR-1839-5p and miR-146a-5p, several 

other miRs that were dysregulated, i.e. miR-148-3p, miR-15a-5p, miR-22, miR-30a-5p and 

miR-30a-3p [59]. The fact that miR-1839-5p and miR-146a-5p were increased in primary as 

well as in the secondary form of infection suggests these two miRs as potential biomarkers of 

AE. In this regard, 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 [88]. 

Further, Wilczynski et al. reported increased miR-146a expression levels in tumor tissues of 

patients with ovarian cancer [89]. 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. 

Beside 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 terminally 

misfolded proteins by retro-translocating them from the ER to the cytoplasm for 

deglycosylation and ubiquitination and subsequent proteasomal degradation [90, 91]. Prior to 

ERAD, misfolded proteins undergo repeated cycles of re-folding by the assistance of several 

ER-resident 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) [92-95]. 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 

elevated H6PD expression. H6PD was found to promote cancer cell proliferation and the 

modulation of its expression affected GRP78, ATF6 and CHOP, emphasizing its role in ERS 

regulation [96]. 
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Importantly, treatment with the parasitostatic benzimidazole ABZ, which was shown to 

decrease the weight of parasitic cysts in the livers of E. multilocularis infected mice, reversed 

the observed effects on UPR and ERS pathways and on associated ERAD and ER redox genes. 

In the absence of infection, ABZ did not affect any of the investigated ER related targets, 

underlining its favorable safety profile regarding ERS related adverse effects.  

In conclusion, the present study showed that E. multilocularis infection leads to a modulation 

of the UPR, characterized by an activation of the ATF6 branch with an upregulation of CHOP 

along with decreased ARF4 and IRE1α protein levels and increased miR-1839-5p and miR-

146a-5p that could serve as potential biomarkers of E. multilocularis infections. ABZ, the most 

commonly used drug to treat AE ameliorated the effects of E. multilocularis infection on ER 

related genes. Whether drugs targeting UPR and ERS pathways in combination with ABZ may 

improve the treatment of AE remains to be explored. 
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Supplementary data 

Primary antibodies (ab) 

Target 

protein 
Species Type 

Dilutions 

Primary ab Secondary ab 

H6PD Rabbit Polyclonal 1:1000 1:2000 

CRT Rabbit Polyclonal 1:1000 1:2000 

CNX Rabbit Polyclonal 1:1000 1:2000 

GRP78 Mouse Monoclonal 1:1000 1:4000 

CHOP Mouse Monoclonal 1:1000 1:4000 

ATF4 Rabbit Monoclonal 1:1000 1:2000 

ATF6 Rabbit Monoclonal 1:1000 1:2000 

ERP72 Mouse Monoclonal 1:1000 1:4000 

IRE1α Mouse Monoclonal 1:1000 1:4000 

PERK Mouse Monoclonal 1:1000 1:4000 

eIF2α Mouse Monoclonal 1:1000 1:4000 

Lamin B1 Rabbit Monoclonal 1:1000 1:2000 

 

S1 Table. Antibodies and corresponding dilutions. 

 

Primers 

Target gene Forward primer (5’-3’) Reverse primer (5’-3’) 

IRE1α TGTGGTCAAGATGGACTGGC 5TCGGAGGAGGTCTCACAG 

Xbp1-s GAGTCCGCAGCAGGTG GTGTCAGAGTC-CATGGGA′ 

Xbp1 AAGAACACGCTTGGGAATGG ACTCCCCTTGGCCTCCAC 

β-Actin ACCCTGTGCTGCTCACCGA CTGGATGGCTACGTACATGGCT 

 

S2 Table. Primers used for RT-qPCR.  
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S1 Fig. Schematic overview of experimental setup. Animals were divided into four groups: 

CTRL(n=6), AE(n=6), AE-ABZ(n=6), and ABZ(n=6). CTRL and ABZ mice received an 

intraperitoneal administration of 100 µL PBS. AE and AE-ABZ mice were treated by secondary 

E. multilocularis infection using 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 for 8 weeks. AE-ABZ and ABZ mice received ABZ (200 mg/kg body weight) 

in 100 µL corn oil orally 5 times per week for 8 weeks. Animals were sacrificed at the end of 

treatment. 

 

 
 

S2 Fig. XBP1 mRNA and XBP1-s mRNA levels are not altered upon E. multilocularis 

infection. XBP1 and XBP1-s mRNA levels in mock-infected control mice (CTRL n=6), E. 

multilocularis infected mice (AE n=6), infected mice treated with ABZ (AE-ABZ n=6) or 

uninfected mice treated with ABZ (ABZ n=6). Results represent mean ± SD. No outliers were 

excluded. One-way ANOVA was applied to test significance.  
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S3 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. 

multilocularis 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. 
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Striking image. Experimental setup and key finding that E. multilocularis infection causes ER-

stress in mouse liver. Treatment of infected mice using the anthelminthic drug albendazole 

attenuates the altered expression of selected ER-stress related genes. 
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6.2 Echinococcus multilocularis related disturbances in bile acid profiles  
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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 benzimidazoles such as albendazole (ABZ). To 

improve current diagnosis and therapy of AE, further investigations into parasite-host 

interactions are needed. This study used LC-MS/MS to assess serum bile acid profiles in an AE 

mouse model and evaluated the effects of the anthelmintic drug ABZ. Additionally, mRNA and 

protein expression of key enzymes and transporters regulating serum bile acid concentrations 

were analyzed. AE significantly altered serum bile acid concentrations, with significantly 

decreased unconjugated bile acids and either unchanged or increased concentrations of taurine-

conjugated bile acids, suggesting ratios of free to taurine-conjugated bile acids as useful 

markers of AE. The expression of the bile acid synthesis enzymes CYP7A1 and AKR1D1 

tended to be decreased or were decreased in the AE group, along with decreased expression of 

the bile acid transporters NTCP and BSEP. Importantly, treatment with ABZ partially or 

completely reversed the effects by E. multilocularis infection, whereby ABZ itself had no effect 

on the bile acid profile and 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. 

Introduction 

Human alveolar echinococcosis (AE) caused by Echinococcus multilocularis is a severe disease 

with a high morbidity and poor prognosis if managed inappropriately [1,2]. E. multilocularis is 

distributed and recognized as an emerging zoonosis in some regions of the northern hemisphere 

[1–3]. In Europe, adult worm infections of E. multilocularis occur mainly in red and arctic 

foxes, although dogs and cats can also act as definitive hosts [3,4]. The course of infection is 

characterized by a long-term, primarily intrahepatic growth of metacestode tissue in the 

intermediate host, including small mammals and mice [5]. Severe E. multilocularis infections 

lead to liver failure and hepatic encephalopathy. The clinical manifestations include epigastric 

pain and jaundice, which may be followed by fever, anemia and weight loss. Invasion of the 

bile ducts leads to cholangitis, portal hypertension, and biliary cirrhosis. The disease can 

progress to the cirrhotic stage after a long latent, asymptomatic period [5,6]. A characteristic 

feature of AE is its tumor-like growth, which may lead to infiltration of neighboring organs. 

The liver is the first organ to be affected. Hepatic lesions are localized to the right hepatic lobe 
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in seven of ten cases. The parasite destroys the liver parenchyma, and complications such as 

biliary obstruction, portal hypertension, and bleeding esophageal varices have been described 

in advanced disease stages and are attributed to the invasive growth of the E. multilocularis 

lesion in the liver [5–7].  

The only curative treatment of AE is surgical resection of the tumor-like metacestode liver 

tissue, supported by pre- and post-operative chemotherapy [2]. The treatment in those AE cases 

that are inoperable consists of a long-term and often life-long treatment with the benzimidazoles 

albendazole (ABZ) or mebendazole. Long-term treatment with benzimidazoles is required 

because these drugs are parasitostatic but not parasitocidal, and as a result adverse reactions 

including severe hepatotoxicity are frequently observed [2,7,8]. 

Although it is well-known that impaired liver function in situations such as cholestasis and 

cirrhosis or in drug-induced liver injury can have profound effects on bile acid homeostasis, 

little is known whether serum bile acids are altered during E. multilocularis infection and 

whether this is influenced by ABZ treatment.   

Bile acids, synthesized from cholesterol in the liver, represent the main organic component in 

bile fluid [9,10]. They play important roles in the elimination of cholesterol from the body, for 

lipid absorption, and as signaling molecules to regulate metabolic processes. Bile acids are 

conjugated in the liver with glycine or taurine in a species-dependent manner, followed by 

secretion into the intestine. Most of the bile acids are absorbed by active transport in the distal 

ileum and their concentrations are tightly controlled by the enterohepatic cycle [9–11]. 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 [12–16]. 

Bile acids are transported across the basolateral and canalicular membranes of hepatocytes by 

numerous transport proteins. Whilst Na+-taurocholate co-transporting polypeptide (NTCP) and 

organic anion transporters (OATPs) are important for the uptake of bile acids from blood 

through the basolateral membrane into the hepatocytes (Figure 1) [17–21], the bile salt export 

pump (BSEP) represents the rate-limiting step in the elimination of bile acids into the bile fluid. 

Inherited and acquired forms of liver diseases, which impair the proper function of BSEP, can 

lead to an accumulation of bile acids and cause hepatocellular damage or even cell death 

[18,19,21]. Elevated levels of bile acids lead to the activation of the farnesoid X receptor (FXR), 

which downregulates the expression of the rate-limiting bile acid synthesis enzyme CYP7A1 

and the sinusoidal uptake transporter NTCP but upregulates the efflux transporter BSEP to 
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reduce the concentration of intracellular bile acids [18,19,21]. 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 and OSTβ [11,17,20,22,23]. 

The present study employed ultra-high performance liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) to investigate changes in the serum bile acid profile in mice 

following E. multilocularis infection. Furthermore, the effect of the currently most frequently 

used treatment, i.e. ABZ, was assessed on the bile acid profile. Additionally, the mRNA and 

protein expression levels of key bile acid transporters and enzymes involved in bile acid 

synthesis was studied in liver tissues.  

 

Figure 1. Schematic overview of key transport proteins involved in hepatic bile acid 

homeostasis. 

 

Results 

Serum bile acid profiles  

To assess potential effects of E. multilocularis infection and its main treatment by ABZ on the 

serum bile acid profiles in mice, a recently established LC-MS/MS-based method was applied 

to quantify several taurine-conjugated and unconjugated bile acids [24]. The mean 

concentrations of each individual bile acid as well as the sums of taurine-conjugated, 
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unconjugated and all bile acids analyzed for the four treatment groups are listed in Table 1, and 

data for individual bile acids are shown in Supplemental Figure S1. The concentrations of all 

unconjugated primary (CA, CDCA, αMCA, βMCA, 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 acids (TCDCA, TUDCA, 

TDCA, TαMCA and TωMCA) were either not altered or significantly increased (TCA and 

TβMCA) in AE compared to 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 AE compared 

to CTRL mice.  

 

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 14215 ± 7740 3078 ± 2082* 11636 ± 11085 13107 ± 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 16607 ± 8135 6656 ± 3172 13714 ± 12722 15031 ± 6963 

 

Table 1. Effects of E. multilocularis infection and ABZ treatment on bile acids in serum of 

mice. 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 CRTL vs. AE group, † p < 0.05 CTRL-ABZ vs. AE group, and ‡ p < 0.05 AE 

vs. AE-ABZ. Values are expressed as mean ± SD (nM). 
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ABZ is the drug of choice to treat AE in human [1,2]. In this mouse model of AE, ABZ treatment 

was well tolerated and no significant changes in any of the serum bile acids analyzed were 

detected in the CTRL-ABZ compared to the CTRL group (Table 1, Supplemental Figure S1). 

Importantly, ABZ treatment of E. multilocularis infected mice partially or completely reversed 

the changes in serum bile acid concentrations observed in AE mice (compare AE-ABZ with AE), 

and the bile acid concentrations of all analyzed metabolites in the AE-ABZ group were 

comparable to those of the CTRL and CTRL-ABZ groups. 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 2).  

 

 

Figure 2. Bile acid profiles in serum of the four different mouse groups. 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), 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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As ratios often show lower inter-individual variations than single analytes, they may represent 

more sensitive 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 all were approximately 10-fold increased compared to the CTRL group in AE 

mice, followed by complete reversal upon ABZ treatment (Figure 3, Figure S3 and Table 2).   

 

 

Figure 3: Increased ratio of taurine-conjugated to unconjugated bile acids in AE. The sum of 

the taurine-conjugated bile acids divided by the sum of free bile acids was determined in the 

four different treatment groups. Non-infected control (CTRL, n=6), E. multilocularis infected 

(AE, n=6), non-infected and ABZ treated control (CTRL-ABZ, n=6), and E. multilocularis 

infected and ABZ treated mice (AE-ABZ, n=5, one outlier with aberrant concentrations was 

removed). Values are expressed as mean ± SD. * p < 0.05 and ** p < 0.01. 

 

Ratio 
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 free 
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 

 

Table 2. 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 the four different treatment groups. Non-

infected control (CTRL, n=6), E. multilocularis infected (AE, n=6), non-infected and ABZ 

treated control (CTRL-ABZ, n=6), and E. multilocularis infected and ABZ treated mice (AE-

ABZ, n=5, one outlier with aberrant concentrations was removed). Values are expressed as 

mean ± SD. * p < 0.05 CTRL vs. AE group, † p < 0.05 CTRL-ABZ vs. AE group, and ‡ p < 

0.05 AE vs. AE-ABZ group.  
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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, 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 liver tissues of E. multilocularis infected mice 

(Figure 4). 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.  

 

 

Figure 4. 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 liver tissues of non-infected control (CTRL, n=6), E. multilocularis infected (AE, 

n=6), non-infected and ABZ treated control (CTRL-ABZ, n=6), and E. multilocularis infected 

and ABZ treated mice (AE-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. 
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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 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 Oatp4 were quantified by qPCR. Significantly lower levels of Ntcp 

mRNA and a trend decrease in the levels of Bsep mRNA were observed in liver tissues of E. 

multilocularis infected mice (Figure 5). Furthermore, a decrease in Ostα and Oatp4 mRNA 

levels and a trend decrease in Mrp4 mRNA expression was found in the AE group 

(Supplemental Figure S2). 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, Mrp2 and Ostβ were not different between the treatment groups. 
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Figure 5. 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 liver tissues of non-infected 

control (CTRL, n=6), E. multilocularis infected (AE, n=6), non-infected and ABZ treated 

control (CTRL-ABZ, n=6), and E. multilocularis infected and ABZ treated mice (AE-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, suitable antibodies could be 

identified for BSEP, NTCP and OATP1A1. 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 CTRL mice (Figure 5A, B). In contrast, OATP1A1 

expression was not significantly altered in any of the four treatment groups (Figure 5C).   

Discussion 

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 lung and brain 

[1,6]. Like other worm infections the disease progression of AE is usually slow and often not 

diagnosed until it is well advanced [6,25]. The evaluation of serum bile acid concentrations, 

including 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 

[12–14,16].  

The present study revealed an interesting alteration of the serum bile acid profile upon infection 

with E. multilocularis, characterized by decreased free bile acids but unchanged or slightly 

elevated taurine-conjugated metabolites. The ratio of total free to total taurine-conjugated bile 

acids as well as that of TCA/CA and TβMCA/βMCA are suggested as useful markers to detect 

the effect of AE and monitor the efficacy of treatment with ABZ on serum bile acids. Common 

symptoms observed in AE patients at a late stage of disease include jaundice, abdominal pain, 

and weight loss [6,25,26]. Studies in patients with jaundice showed altered bile acid 

metabolism, with an the increase in circulating levels of conjugated bile acids, and an elevated 

ratio of taurine-conjugated to free bile acids in patients with the symptoms [16,27]. The utility 

of the bile acid ratio markers mentioned above should be further studied in animal models and 

in human. 

Gene expression analyses indicated a decreased hepatic bile acid synthesis by lower CYP7A1 

and AKR1D1 expression along with decreased canalicular biliary secretion via BSEP, reduced 

bile acid uptake from the portal circulation by NTCP and OATP4, and reduced efflux to the 

general circulation by OSTα and MRP4. An inhibition of the above mentioned bile acid 

transporters may be a result of the inflammation caused by the proliferative growth of the 

metacestodes, leading to reduced FXR-mediated activation of SHP and PPARα that are 
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involved in the regulation of the expression of these bile acid transporters [11]. 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 [18,22]. 

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 [11,20]. In other conditions, such as 

chronic forms of cholestatic liver, downregulation of NTCP and upregulation of basolateral bile 

acid export systems was observed (MRP4, OSTα-OSTβ) [17,18]. 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. Also, both serum TCA, acting as FXR agonist, and TβMCA, an FXR 

antagonist [28] were elevated, making it difficult to conclude on the consequences of FXR 

activity. Unfortunately, due to the lack of sufficient sample amount, bile acid profiles in liver 

tissues and bile fluid, which could provide further mechanistic insight, could not be determined 

and need to be investigated in a follow-on study. Further studies are needed to uncover the 

mechanism underlying the altered bile acid homeostasis in AE and to elucidate the 

consequences for AE progression.  

Evidence from earlier studies of worm infections with the liver as the primary affected site 

indicate an important role of bile acids in the modulation of worm-host interactions. The liver 

fluke Opisthorchis viverrini, for example, resides in the biliary tree in an environment of very 

high bile acid concentrations, and a study in infected hamsters found elevated levels of the 

secondary bile acid DCA [29], 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 [30]. 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 free to taurine-

conjugated bile acids [31], 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 [32]. Although that study 

did not assess serum bile acids, 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 free 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 
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acid metabolism and transport, parasite infections can disturb also 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 

[33]. Thus, follow-on experiments should investigate the role of microbiota 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 [34–36]. 

Additionally, the present work showed that ABZ treatment ameliorated E. multilocularis 

infection and almost completely reversed the effects on serum bile acids and gene expression. 

ABZ treatment itself did not affect bile acid homeostasis, suggesting that hepatotoxic effects 

seen upon long-term treatment [37] are not due to disruption of bile acid homeostasis, although 

bile acids can be affected following liver damage.   

Ultimately, an improved understanding of the pathways involved in the disturbed bile acid 

homeostasis may help designing novel therapeutic strategies to combat AE in human, either 

alone or in combination with benzimidazoles such as ABZ.  

Materials and Methods 

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), 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 standards were 

purchased from Sigma-Aldrich or Steraloids (Newport, RI, USA) as described recently [24].   

Rabbit monoclonal anti-LMNB1 antibody was purchased from Abcam (Cat#ab133741, 

RRID:AB_2616597, Cambridge, UK) and horseradish peroxidase (HRP)-conjugated goat anti-

rabbit secondary antibody from Cell Signaling (Cat#7074, RRID:AB_2099233, Cambridge, 

UK). Mouse monoclonal anti-AKR1D1 antibody was obtained from Santa Cruz Biotechnology 

(Cat# sc-365932, RRID:AB_10917896, Dallas, TX, USA). Rabbit polyclonal antibodies raised 

against BSEP [38], OATP1A1 [39] and NTCP [40] were described previously. Rabbit 

polyclonal anti-CYP7A1 antibody was obtained from Abcam (Cat#ab65596, 

RRID:AB_1566114), rabbit polyclonal anti-CYP7A1 antibody from Santa Cruz Biotechnology 

(Cat#sc-25536, RRID:AB_2088578) and mouse monoclonal anti-CYP7A1 antibody from 
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Merck (Cat#MABD42, RRID:AB_2756360, Billerica, MA, USA). Polyvinylidene difluoride 

(PVDF) membranes (Cat#IPVH00010) and Immobilon Western Chemiluminescence 

horseradish-peroxidase substrate kit (Cat#WBKLS0050) were obtained from Merck 

(Darmstadt, Hessen, Germany). HRP-conjugated goat anti-mouse secondary antibody (Cat# 

A0168, RRID:AB_257867) and all other reagents were purchased from Sigma-Aldrich (St. 

Louis, MO, USA).  

Mice  

Female C57BL/6 mice (8 weeks old, n=24) were housed under standard conditions in a 

conventional daylight/night cycle room. Mice were fed a standard pellet chow and water ad 

libitum. All the experiments were performed in accordance with of 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). 

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 albendazole (AE-

ABZ, n=6), and (4) non-infected treated with ABZ (CTRL-ABZ, n=6). 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. Blood was collected and serum was separated by 

centrifugation at 3000 × g for 15 min. 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 intraperitoneal injection [41]. 

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. Collected tissue was grinded through 

a sterile 50 μm filter, roughly 100 vesicular cysts were suspended in 100 μL sterile PBS and 

administrated via intraperitoneal injection to groups 2 (AE) and 3 (AE-ABZ). Mice of control 

groups 1 (CTRL) and 4 (CTRL-ABZ) received 100 μL of sterile PBS.  

ABZ treatment started after six weeks of initial infection. Mice of groups 1 (CTRL) and 2 (AE) 

were administered 100 μL corn oil and groups 3 (AE-ABZ) and 4 (CTRL-ABZ) received 100 
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μL ABZ in corn oil (200 mg/kg mouse/injection) orally five times per week. The treatment was 

terminated after 8 weeks by killing the examined animals. 

Quantification of bile acids in serum 

Bile acids were quantified as described recently [24]. 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 16000 × 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 bile acids was 

achieved using reversed-phase column (ACQUITY UPLC BEH C18, 1.7 mm, 2.1 µm, 150 mm, 

Waters, Wexford, Ireland). 

Total RNA extraction and qPCR 

Total RNA was isolated from liver tissues using the Qiagen RNeasy MiniKit and QIAcub 

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 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). Data were normalized 

to the expression levels of the endogenous control gene β-actin. The primers are listed in 

Supplemental Table 1.  

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 dodecyl 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). 
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Samples were heated (5 min at 95°C) in Laemmli solubilization buffer (LSB; 60 mM Tris-HCl, 

10% glycerol, 0.01% bromophenol blue, 2% sodium dodecyl sulfate, pH 6.8, 5% β-

mercaptoethanol) and 20 μg of total protein were separated 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, over-night). 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 [38] (1:4000, 

4°C, over-night). 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 [39] (1:1000, 4°C, over-night) 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 [40] (1:1000, 4°C over-night) 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, over-

night) 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). 

Data analysis and statistics  

For LC-MS/MS data, MassHunter Acquisition Software (Agilent Technologies, Inc.) and 

MassHunter Quantitative Analysis vB.07.01 (Agilent Technologies, Inc.) was used for 

quantification. The Kruskal–Wallis test and Dunn’s multiple comparison were used to analyze 

significance of differences between groups. Statistical significance was established at p<0.05. 

Statistical analysis and graphs were performed using GraphPad Prism v5.02 (GraphPad 

Software). 
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Conclusions 

This work applied LC-MS/MS to quantify bile acids in serum samples of mice infected with E. 

multilocularis in the absence or presence of the parasitostatic drug ABZ. The results revealed 

decreased free and unchanged or increased taurine-conjugated bile acids, suggesting the use of 

ratios of free to taurine-conjugated bile acids 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 affect bile acid homeostasis itself, reversed the observed 

effects on serum 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.  
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Supplemental material 

 

Gene Forward Reverse 

Bsep TGGTAGAGAAGAGGCGACAAT TGAGGTAGCCATGTCCAGAA 

Ntcp GCCACACTATGTACCCTACGTC TTTAGTCGGAAGAGAGCAGAGA 

Mrp4 CATCAAGTCCAGGGAAAAGGTTG GAGGGCCGAGATGAGGGA G 

Mrp2 GCTTAGTTCAAGTCTATGGAGT TCCGGCCGATACCGCACTTGATA 

Cyp7a1 CTTGAGGATGGTTCCTATAAC TTAAAAGTCAAAGGGTCTGG 

Cyp27a1 AAAGCTGTGATTAAGGAGAC CAAACTGTGTATTCTTGGGG 

Oatp4 CAACCTGACTGGTTTTCTATG AAGTGAAGGATCCAATGAAG 

Ostα CTTGACCCCAGGTACACAGC ATGGGGCAAAGGGTGTTCTT 

Ostβ AGATGCGGCTCCTTGGAATTA TGGCAGAAAGACAAGTGATG 

Oatp1a1 TAGCTTGCCTCCAGTATGCCTT ACAGGCCAAATGCTATGTATGC 

Akr1d1 GAAAAGATAGCAGAAGGGAAGGT GGGACATGCTCTGTATTCCATAA 

β actin ACCCTGTGCTGCTCACCGA CTGGATGGCTACGTACATGGCT 

 

Table S1: Oligonucleotide primers for mRNA quantification by qPCR. 
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Figure S1. Concentrations of individual bile acids quantified in serum of mice from the four 

treatment groups. Non-infected control (CTRL, n=6), E. multilocularis infected (AE, n=6), non-

infected and ABZ treated control (CTRL-ABZ, n=6), and E. multilocularis infected and ABZ 

treated mice (AE-ABZ, n=5, one outlier with aberrant concentrations was removed). Values are 

expressed as mean ± SD (nM). * p < 0.05 and ** p < 0.01.  
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Figure S2. Effect of AE on mRNA expression levels of additional bile acid transporters. The 

mRNA levels of Mrp2, Mrp4, Ostα, Ostβ, and Oatp4 were determined in liver tissues of non-

infected control (CTRL, n=6), E. multilocularis infected (AE, n=6) non-infected and ABZ 

treated control (CTRL-ABZ, n=6), and E. multilocularis infected and ABZ treated mice (AE-

ABZ, n=6). Values are expressed as mean ± SD. * p < 0.05. 

 

 

Figure S3: Increased ratios of taurine-conjugated to unconjugated bile acids in AE. The ratios 

of the concentrations of the taurine-conjugated cholic acid (A), α-muricholic acid (B) and β-

muricholic acid (C) to the respective unconjugated bile acid were determined in the four 

different treatment groups. Non-infected control (CTRL, n=6), E. multilocularis infected (AE, 

n=6), non-infected and ABZ treated control (CTRL-ABZ, n=6), and E. multilocularis infected 

and ABZ treated mice (AE-ABZ, n=5, one outlier with aberrant concentrations was removed). 

Values are expressed as mean ± SD. * p < 0.05 and ** p < 0.01. 
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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.

Conclusions and Implications: The plasma UDC-Tau/7oxo-LC-Tau ratio detects

decreased 11β-HSD1 oxoreduction activity in different mouse models. This ratio

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,
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may be a useful biomarker of decreased 11β-HSD1 activity in pathophysiological sit-

uations or upon pharmacological inhibition.

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, includ-

ing 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

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.
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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.

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

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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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 anti-

body (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 chime-

ric 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
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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

%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
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streptomycin 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, sam-

ples 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 rec-

onstituted 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 chloroform/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

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).
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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 sig-

nificance. Data represent mean ± SEM. All statistical analyses were

performed 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 respec-

tive controls (Table S1). Data represent the effect size calculated

based on Cohen's d effect size (ES d) with correction of unequal sam-

ple 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 recommendations of the British Journal of Pharmacol-

ogy 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.

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
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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

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

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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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).

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

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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significantly lower in H6pdKO plasma. In agreement with 11KO and

11LKO, these observations were supported by a similar bile acid pro-

file in liver tissue with almost threefold increased 7oxoLCA and two-

fold 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 con-

trol, but due to inter-individual variation, the value did not reach sig-

nificance. CDC-Tau was not different between the two genotypes,

whilst UDC-Tau decreased twofold. The ratios CDC-Tau/7oxoLC-Tau

and UDC-Tau/7oxoLC-Tau (Figure 4i; see also Figure S7) were three-

fold 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

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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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

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

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

12 WEINGARTNER ET AL.



sensitivity 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 con-

tribution of de novo CDCA synthesis to the circulating and liver tissue

levels of CDC-Tau, whereas UDC-Tau and 7oxoLC-Tau are primarily

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

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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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.

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

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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some concerns that pharmacological 11β-HSD1 inhibition might

induce cholestasis. In paediatric patients with adrenal insufficiency

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

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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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 limi-

tations:- (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 homeostasis (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 inhibi-

tion, a possible interference 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 produc-

tion 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 factors. 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 pharmaco-

logical treatment or in disease situations.
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Supplementary Figure 1. Decreased 11β-HSD1 bile acid product to substrate ratios in 

plasma of 11KO mice. 11β-HSD1 bile acid substrates (7oxoLCA, 7oxoLC-Tau) and products 

(UDCA, CDCA and their taurine conjugated forms) were measured in plasma of 11KO mice 

(nmol∙L-1). Calculation of the product to substrate ratios attenuated the large animal-to-animal 

variations and detected the lack of 11β-HSD1 oxoreduction activity. a) Plasma concentrations 

of CTRL (n = 18) and 11KO mice (n = 17) for 7oxoLCA, CDCA, UDCA and the corresponding 

ratios; and b) for 7oxoLC-Tau, CDC-Tau, UDC-Tau and the corresponding ratios. The results 

represent mean ± SEM. No outliers were excluded. 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 in the calculations of a specific analyte. *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. 
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Supplementary Figure 2. Decreased 11β-HSD1 bile acid product to substrate ratios in 

liver tissue of 11KO mice. 11β-HSD1 bile acid substrates (7oxoLCA, 7oxoLC-Tau) and 

products (UDCA, CDCA and their taurine conjugated forms) were measured in liver tissue of 

11KO mice (fmol∙mg-1). Calculation of the product to substrate ratios attenuated the large 

animal-to-animal variations and detected the lack of 11β-HSD1 oxoreduction activity. a) Liver 

tissue concentrations of CTRL (n = 9) and 11KO mice (n = 9) for 7oxoLCA, CDCA, UDCA 

and the corresponding ratios; and b) for 7oxoLC-Tau, CDC-Tau, UDC-Tau and the 

corresponding ratios. The results represent mean ± SEM. No outliers were excluded. 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 in the calculations 

of a specific analyte. *P<0.05 significantly different as indicated; non-parametric, Mann-

Whitney U-test (two-tailed). Unequal group sizes reflect the availability of only nine livers due 

to the use of nine randomly assigned livers for gene expression analyses in a previous study. 
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Supplementary Figure 3. Decreased 11β-HSD1 bile acid product to substrate ratios in 

plasma of 11LKO mice. 11β-HSD1 bile acid substrates (7oxoLCA, 7oxoLC-Tau) and 

products (UDCA, CDCA and their taurine conjugated forms) were measured in plasma of 

11LKO mice (nmol∙L-1). Calculation of the product to substrate ratios attenuated the large 

animal-to-animal variations and detected the decreased 11β-HSD1 oxoreduction activity. a) 

Plasma concentrations for 7oxoLCA, CDCA, UDCA and the corresponding ratios, and b) for 

7oxoLC-Tau, CDC-Tau, UDC-Tau and the corresponding ratios of CTRL (n = 17) and 11LKO 

mice (n = 16). The results represent mean ± SEM. No outliers were excluded. 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 in the calculations 

of a specific analyte. *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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Supplementary Figure 4. Decreased 11β-HSD1 bile acid product to substrate ratios in 

liver tissue of 11LKO mice. 11β-HSD1 bile acid substrates (7oxoLCA, 7oxoLC-Tau) and 

products (UDCA, CDCA and their taurine conjugated forms) were measured in liver tissue of 

11LKO mice (fmol∙mg-1). Calculation of the product to substrate ratios attenuated the large 

animal-to-animal variations and detected the decreased 11β-HSD1 oxoreduction activity. a) 

Liver tissue concentrations for 7oxoLCA, CDCA, UDCA and the corresponding ratios, and b) 

for 7oxoLC-Tau, CDC-Tau, UDC-Tau and the corresponding ratios of CTRL (n = 17) and 

11LKO mice (n = 16). The results represent mean ± SEM. No outliers were excluded. 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 in the calculations 

of a specific analyte. *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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Supplementary Figure 5. Decreased 11β-HSD1 oxoreduction activity in white adipose 

tissue of H6pdKO mice. a) Estimation of the conversion of cortisone to cortisol, and b) of 

cortisol to cortisone measured ex vivo in mouse white adipose tissue (CTRL n = 7; H6pdKO n 

= 7). Results represent mean ± SEM, *P<0.05 significantly different as indicated; non-

parametric, Mann-Whitney U-test (two-tailed). 
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Supplementary Figure 6. Decreased 11β-HSD1 bile acid product to substrate ratios in 

plasma of H6pdKO mice. 11β-HSD1 bile acid substrates (7oxoLCA, 7oxoLC-Tau) and 

products (UDCA, CDCA and their taurine conjugated forms) were measured in plasma of 

H6pdKO mice. Calculation of the product to substrate ratios attenuated the large animal-to-

animal variations and detected the decreased 11β-HSD1 oxoreduction activity. a) Plasma 

concentrations (nmol∙L-1) for 7oxoLCA, CDCA, UDCA and the corresponding ratios, and b) 

for 7oxoLC-Tau, CDC-Tau, UDC-Tau and the corresponding ratios of CTRL (n = 20) and 

H6pdKO mice (n = 18). The results represent mean ± SEM. No outliers were excluded. 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 in the calculations 

of a specific analyte. *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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Supplementary Figure 7. Decreased 11β-HSD1 bile acid product to substrate ratios in 

liver tissue of H6pdKO mice. 11β-HSD1 bile acid substrates (7oxoLCA, 7oxoLC-Tau) and 

products (UDCA, CDCA and their taurine conjugated forms) were measured in liver tissue of 

H6pdKO mice. Calculation of the product to substrate ratios attenuated the large animal-to-

animal variations and detected the decreased 11β-HSD1 oxoreduction activity. a) Liver tissue 

concentrations (fmol∙mg-1) for 7oxoLCA, CDCA, UDCA and the corresponding ratios, and b) 

for 7oxoLC-Tau, CDC-Tau, UDC-Tau and the corresponding ratios of CTRL (n = 20) and 

H6pdKO mice (n = 18). The results represent mean ± SEM. No outliers were excluded. 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 in the calculations 

of a specific analyte. *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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Supplementary Figure 8. Metabolism of 7oxoLCA to UDCA and CDCA by murine 11β-

HSD1 and inhibition by CBX. HEK-293 cells expressing murine 11β-HSD1 (MO1F) were 

incubated with 400 nmol L-1 7oxoLCA in the absence and presence of 5 µmol L-1 of CBX, 

followed by quantification of substrate and products. a) 7oxoLCA concentration [nmol L-1] 

after 4 h and 24 h of incubation. b) CDCA formation represented as concentration [nmol L-1] 

after 4 h and 24h of incubation. c) UDCA formation represented as concentration [nmol L-1] 

after 4 h and 24 h of incubation. d) Representative western blot analysis of protein levels of 

11β-HSD1 in untransfected HEK-293 cells and in MO1F cells. ACTB served as loading 

control. The results represent mean ± SD, n=5. *P<0.05 significantly different as indicated; 

non-parametric, Mann-Whitney U-test (two-tailed). 
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Supplementary Figure 9. Decreased 11β-HSD1 bile acid product to substrate ratios in 

plasma of mice treated with the inhibitor carbenoxolone (CBX). 11β-HSD1 bile acid 

substrates (7oxoLCA, 7oxoLC-Tau) and products (UDCA, CDCA and their taurine conjugated 

forms) were measured in plasma of control mice either treated with the pharmacologic 11β-

HSD1 inhibitor CBX (100 mg kg-1 d-1, i.p.) or PBS (CTRL) (CTRL n = 8; CBX n = 7). 

Calculation of the product/substrate ratios attenuated the large animal-to-animal variations and 

detected the diminished 11β-HSD1 oxoreduction activity. a) Plasma concentrations (nmol∙L-1) 

of 7oxoLCA, CDCA, UDCA and the corresponding ratios. Some values were below LLOD. b) 

Plasma concentrations (nmol∙L-1) of 7oxoLC-Tau, CDC-Tau, UDC-Tau and the corresponding 

ratios. The results represent mean ± SEM. No outliers were excluded. Analyte concentrations 

defined by a S/N of ≤ 3 represent the LLOD of the UHPLC-MS/MS method. Samples yielding 

a concentration below LLOD were included as LLOD/2 in the calculations of a specific analyte. 

*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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Supplementary Figure 10. Decreased 11β-HSD1 bile acid product to substrate ratios in 

liver tissue of mice treated with the inhibitor carbenoxolone (CBX). 11β-HSD1 bile acid 

substrates (7oxoLCA, 7oxoLC-Tau) and products (UDCA, CDCA and their taurine conjugated 

forms) were measured in liver tissue of control mice either treated with the pharmacologic 11β-

HSD1 CBX (100 mg kg-1 d-1, i.p.) or PBS (CTRL) (CTRL n = 8; WT CBX n = 9). Calculation 

of the product/substrate ratios attenuated the large animal-to-animal variations and detected the 

diminished 11β-HSD1 oxoreduction activity. a) Liver tissue concentrations (fmol∙mg-1) of 

7oxoLCA, CDCA, UDCA and the corresponding ratios. Some values were below LLOD. b) 

Liver tissue concentrations (fmol∙mg-1) of 7oxoLC-Tau, CDC-Tau, UDC-Tau and the 

corresponding ratios. The results represent mean ± SEM. No outliers were excluded. 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 in the calculations 

of a specific analyte. *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. 
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Analyte 

11 KO Plasma  

[nmol L-1] 

11KO Liver  

[fmol mg-1] 

11LKO Plasma  

[nmol L-1] 

11LKO Liver  

[fmol mg-1] 

11H6pdKO Plasma  

[nmol L-1] 

H6pdKO Liver  

[fmol mg-1] 

CBX Plasma  

[nmol L-1] 

CBX Liver  

[fmol mg-1] 

ES 
(g) 

CI ES 
(g) 

CI ES 
(g) 

CI ES 
(g) 

CI ES 
(g) 

CI ES 
(g) 

CI ES 
(g) 

CI ES 
(g) 

CI 

+ - + - + - + - + - + - + - + - 

CA 2.4 3.3 1.6 1.5 2.6 0.5 2.0 2.8 1.2 3.6 4.7 2.5 -0.9 -0.2 -1.5 -1.3 -0.6 -2.0 -0.9 0.1 -2.0 -2.3 -1.0 -3.6 

CDCA 2.3 3.2 1.5 0.8 1.8 -0.2 2.6 3.5 1.7 1.8 2.6 1.0 -0.1 0.6 -0.7 -0.4 0.2 -1.1 -1.5 -0.3 -2.6 -3.8 -2.1 -5.5 

DCA 2.7 3.6 1.8 1.1 2.0 0.1 0.5 1.2 -0.2 1.0 1.7 0.3 -2.4 -1.6 -3.3 -2.8 -1.9 -3.7 -2.2 -0.9 -3.5 -6.8 -4.1 -9.4 

7oxoDCA 2.7 3.6 1.8 1.8 2.9 0.7 2.0 2.8 1.2 4.4 5.7 3.2 0.3 0.9 -0.4 0.2 0.8 -0.5 0.2 1.2 -0.8 1.1 2.2 0.0 

HDCA 4.4 5.6 3.1 3.0 4.3 1.6 0.9 1.6 0.1 2.8 3.8 1.9 -0.2 0.4 -0.8 -1.3 -0.6 -2.0 -1.8 -0.6 -3.0 -4.1 -2.3 -5.9 

αMCA 3.0 4.0 2.0 2.4 3.6 1.2 1.8 2.6 1.0 4.3 5.6 3.1 0.3 0.9 -0.4 -0.6 0.1 -1.2 -1.4 -0.3 -2.6 -4.2 -2.4 -6.0 

βMCA 0.9 1.6 0.2 -3.4 -2.0 -4.8 -4.8 -3.5 -6.2 -0.5 0.2 -1.2 -2.0 -1.2 -2.8 -4.5 -3.3 -5.7 -0.9 0.2 -2.0 2.6 3.9 1.2 

ωMCA 2.0 2.9 1.2 0.1 1.0 -0.8 0.1 0.8 -0.5 3.2 4.2 2.1 -1.4 -0.7 -2.1 -3.5 -2.5 -4.6 -1.9 -0.7 -3.1 2.1 3.4 0.9 

UDCA 2.6 3.5 1.7 0.9 1.9 -0.1 0.1 0.8 -0.6 3.5 4.6 2.4 -1.6 -0.9 -2.4 -3.5 -2.5 -4.5 -2.0 -0.7 -3.2 -7.1 -4.4 -9.9 

7oxoLCA 2.7 3.6 1.8 2.8 4.1 1.5 2.6 3.5 1.6 2.8 3.7 1.8 3.5 4.5 2.5 3.0 3.9 2.1 NA     NA     

                                                  αMCA/βMCA 14.3 17.7 10.9 30.7 40.8 20.6 24.0 29.8 18.2 49.3 61.2 37.4 54.6 66.9 42.3 42.2 51.8 32.7 1.3 2.4 0.2 -21.1 -13.5 -28.8 

UDCA/7oxoLCA -8.4 -6.3 -10.5 -11.6 -7.7 -15.6 -17.0 -12.9 -21.2 5.2 6.6 3.7 -16.6 -12.8 -20.4 -34.2 -26.5 -41.9 NA     NA     

CDCA/7oxoLCA -8.1 -6.1 -10.1 -13.5 -9.0 -18.0 -8.3 -6.2 -10.4 -7.7 -5.7 -9.7 -7.6 -5.8 -9.5 -17.2 -13.2 -21.1 NA     NA     

                                                  C-Tau 9.1 11.3 6.9 6.1 8.3 3.9 -2.8 -1.9 -3.8 2.6 3.6 1.7 3.8 4.9 2.8 -8.4 -6.4 -10.4 1.6 2.7 0.4 -4.9 -2.9 -6.9 

CDC-Tau 8.9 11.1 6.7 6.9 9.4 4.5 0.2 0.9 -0.5 3.2 4.3 2.2 4.8 6.0 3.5 1.4 2.1 0.7 -1.3 -0.2 -2.4 -6.5 -4.0 -9.1 

DC-Tau 8.7 10.8 6.5 4.0 5.7 2.4 3.8 4.9 2.6 -5.7 -4.2 -7.3 3.3 4.3 2.3 -6.1 -4.6 -7.6 -2.0 -0.8 -3.3 -21.9 -14.0 -29.8 

LC-Tau 9.6 12.0 7.3 6.1 8.2 3.9 -110.3 -83.7 -136.9 -4.8 -3.5 -6.2 5.6 7.0 4.2 3.2 4.1 2.2 -5.7 -3.4 -8.0 -23.8 -15.2 -32.3 

αMCA-Tau + βMCA-Tau 8.4 10.5 6.3 0.6 1.5 -0.4 3.8 4.9 2.6 -0.7 0.0 -1.4 -2.8 -1.9 -3.7 -14.3 -11.0 -17.6 -1.2 -0.1 -2.3 2.9 4.4 1.5 

ωMCA-Tau 33.2 41.0 25.4 -8.6 -5.6 -11.5 -3.8 -2.6 -4.9 -4.8 -3.5 -6.2 1.6 2.3 0.8 -14.0 -10.8 -17.2 4.3 6.2 2.5 3.9 5.7 2.2 

UDC-Tau 7.2 9.0 5.4 -25.5 -17.1 -33.9 -10.8 -8.1 -13.5 -19.9 -15.0 -24.7 1.9 2.6 1.1 -15.8 -12.2 -19.4 0.5 1.6 -0.5 -26.9 -17.2 -36.5 

7oxoLC-Tau 11.8 14.6 8.9 12.4 16.5 8.2 12.6 15.8 9.5 21.1 26.2 15.9 8.6 10.7 6.6 22.8 28.0 17.6 1.9 3.1 0.7 -1.4 -0.3 -2.5 

                                                  
UDC-Tau/7oxoLC-Tau -46.7 -35.7 -57.6 -32.7 -22.0 -43.5 -8.0 -5.9 -10.0 -41.2 -31.3 -51.2 -36.8 -28.5 -45.1 -61.3 -47.5 -75.0 -14.9 -9.5 -20.3 -22.2 -14.2 -30.2 

CDC-Tau/7oxoLC-Tau -13.4 -10.2 -16.5 -30.5 -20.5 -40.4 -7.6 -5.7 -9.6 -26.2 -19.8 -32.5 -32.2 -24.9 -39.4 -47.8 -37.0 -58.5 -9.0 -5.6 -12.4 -5.3 -3.1 -7.4 

                                                  Sum primary BA 14.6 18.0 11.1 4.7 6.5 2.9 8.6 10.8 6.4 16.3 20.3 12.3 -7.2 -5.4 -8.9 -16.3 -12.6 -20.0 -3.9 -2.2 -5.6 7.7 10.6 4.8 

Sum primary BA-Tau 8.9 11.1 6.7 4.0 5.6 2.4 0.1 0.7 -0.6 1.3 2.1 0.6 3.5 4.5 2.5 -10.3 -7.9 -12.7 1.0 2.1 -0.1 -2.4 -1.0 -3.7 

 

Supplementary Table 1. Effect sizes of bile acid profiles measured by UHPLC-MS/MS in plasma and liver samples were determined for mice with global Hsd11b1 knockout 

(11KO), liver-specific Hsd11b1 knockout (11LKO), global H6pd knockout (H6pdKO) compared to the respective control littermates. Additionally, mice treated with the 

pharmacological inhibitor carbenoxolone (CBX) were compared to untreated control mice. Results 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 (ES g) and corresponding confidence 

intervals of the effect size (± CI). NA, not analysed.
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8 General discussion and outlook 

The ER plays an important role in various cellular processes. During the last decades, research 

has identified ER specific activities which are linked to the development of numerous 

pathologies. Prolonged ERS and activation of the UPR were linked to the pathogenesis of many 

diseases including type 2 diabetes mellitus (Cnop et al., 2012), atherosclerosis (Hotamisligil, 

2010), Parkinson’s disease (Ryu et al., 2002), Alzheimer’s disease (Gerakis and Hetz, 2018) as 

well as different infectious diseases (Li et al., 2015; Pillich et al., 2016) and multiple types of 

cancer (Chen and Cubillos-Ruiz, 2021). Among other factors, depletion of luminal NADPH 

levels or a decreased ratio of NADPH/NADP+ were reported to cause ER stress and, to some 

extent cell death (Kapuy and Banhegyi, 2013). To date, H6PD represents the only known source 

of luminal NADPH. While other potential NADPH-generating enzymes such as isocitrate 

dehydrogenase (Margittai and Banhegyi, 2008), malic enzyme (Wang et al., 2011) and 6-

phosphogluconolactone dehydrogenase (Hino and Minakami, 1982a) were suggested to 

contribute to the luminal NADPH-production, their identity within the ER has yet to be 

confirmed and H6PD remains the sole undisputed characterized protein capable to generate 

NADPH in the ER. In this context, it is important to mention the challenges when measuring 

activities of luminal enzymes. Isolation and purification of microsomal fractions in the course 

of experimental work can lead to decreased/loss of enzyme activity. On the other hand, 

contamination of microsomal preparations with other cellular organelles such as mitochondria 

can result in misleading conclusions. This incontrovertible framework complicates studies 

related to the luminal NADPH homeostasis. 

 

In the first part of this thesis, we intended to take these limitations into account when exploring 

the interacctome of H6PD. We applied proximity biotinylation (BioID) to identify vicinal 

proteins of H6PD and therefore potential interactors. BioID takes advantage of a mutant form 

of Escherichia coli biotin ligase (BirA*) which is able to promiscuously biotinylate vicinal and 

interacting proteins (Liu et al., 2018). BirA*, fused to the bait (here H6PD), labels proteins 

covalently within a radius of approximately 10 nm (Kim et al., 2014). Harsh lysis of cells is 

followed by purification of biotinylated proteins via immunoprecipitation using streptavidin-

labeled beads. Isolated proteins are afterwards identified by MS analysis. Among the potential 

interactors, we expected to identify hits harboring the RMF-motif and therefore to be qualified 

as potential NAD(P)(H)-binding proteins. Over 82 distinct SDRs exist in human. However, 

their enzymatic functions and subcellular locations have yet to be fully elucidated (Kallberg et 
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al., 2010). Regarding this circumstance, we hypothesized that other luminal NADP(H)-

dependent SDR exist that interact with H6PD either directly or within a multi-protein complex. 

However, the dataset originating from our BioID-based approach (the whole lists of proteins 

can be found in chapters 10.1 and 10.2, respectively) did not include any enzyme associated 

with NADP(H)-consumption. A critical evaluation of the presented results is therefore 

important to ensure further projects in the study of the luminal NADPH homeostasis are using 

optimal models. The MDA-MB 231 cell line used in our study endogenously expresses H6PD 

and the lumen-facing NADPH-dependent 17β-HSD12, but lacks 11β-HSD1 expression 

(Tsachaki et al., 2015; Cossu et al., 2020; Tsachaki et al., 2020). Whilst an interaction between 

H6PD and 17β-HSD12 in H6PD-BirA*-HA expressing cells was not observed, we were 

confident that the BioID-based approach was functional because we detected the well-studied 

interaction between H6PD and 11β-HSD1 (Atanasov et al., 2008; Zhang et al., 2009) in cells 

expressing H6PD-BirA*-HA and 11β-HSD1-FLAG. Among the potential interactors 

identified, AGR2 was selected for detailed analysis. Our Co-IP experiments suggest that AGR2 

directly interacts with H6PD in MCF7 cells. Moreover our results indicate that H6PD protein 

expression and H6PD activity are dependent on the expression of its interacting partner AGR2. 

HEK-293 cells transfected with plasmid DNA coding for H6PD in combination with plasmid 

coding for AGR2 showed increased H6PD activity compared to cells solely transfected with 

plasmid DNA coding for H6PD. The next logical step in this project is to test H6PD enzyme 

activity in MCF7 cells following targeted AGR2 depletion using siRNA. This experiment 

would support our hypothesis that AGR2 directly affects H6PD activity. Moreover, a second 

independent BioID-based screen for potential H6PD interactors in MCF7 cells might be useful 

to confirm our observations.  

At this point, it is further important to critically evaluate the utility of BioID. Like every method, 

BioID has its advantages and disadvantages. First, proximity biotinylation is considered non-

toxic and therefore extended biotinylation periods do not represent a major concern in this 

regard (Cho et al., 2020). Further, the strong interaction between streptavidin and biotin allows 

stringent purification procedures using streptavidin-coupled beads and, as a result, reduction of 

non-specific binding (Larochelle et al., 2019). Many of the disadvantages of BioID are based 

on the enzymatic features of the used biotin ligase. BirA* has a molecular mass of 35 kDa 

(Varnaite and MacNeill, 2016). The increased molecular weight of the resulting fusion protein 

(here H6PD-BirA*-HA) may affect localization and functionality of the protein of interest. 

Moreover, biotinylation by BioID takes its time. Unspecific biotinylation is therefore a time-

dependent issue when preforming this method. Addressing these concerns and problems, 
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Branon and colleagues engineered TurboID (35 kDa) and miniTurbo (28 kDa), two more 

efficient versions of BioID (Branon et al., 2018). Whereas the biotinylation process in BioID-

based approached takes between 12 h up to 168 h (Uezu et al., 2016), applications of TurboID 

and miniTurbo were shown to sufficiently biotinylate neighboring proteins within 10 min 

(Zhang et al., 2019). Further, in 2020, Kido et al. presented AirID, a novel version of BirA*, 

developed with the motive to minimize the application problems of TurboID (Kido et al., 2020). 

Summarizing the first project of this thesis we can state that BioID represents an attractive 

method to screen for PPI. It is necessary, however, to consider the limitations of this method 

and, to carefully select the cell type/model for experimental work. 

 

The second part of this work was devoted to better understand the roles of ERS and the UPR in 

parasitic infection. An increasing number of studies have highlighted the utility of targeting 

modulation of ERS and the UPR in a number of diseases (Rivas et al., 2015; Rahmati et al., 

2018). Currently, several compounds have been investigated for their UPR modulating features. 

For example Salubrinal, a selective inhibitor of eIF2α dephosphorylation, was shown to protect 

mammalian cells from ERS and inhibit viral replication in cells infected with Herpes simplex 

virus (Boyce et al., 2005). Other compounds such as the IRE1α-RNase inhibitor STF-083010, 

a drug candidate for the treatment of multiple myeloma or GSK2656157, a PERK kinase 

inhibitor developed for the treatment of pancreatic cancer and multiple myeloma are, among 

others, in the preclinical development stage (Papandreou et al., 2011; Atkins et al., 2013; Axten 

et al., 2013). In the second project we investigated whether an infection with E. multilocularis 

causes ERS in mice. Animals were subjected to either E. multilocularis or mock-infection and, 

six weeks after infection, treatment with the anthelmintic drug ABZ or placebo for a duration 

of eight weeks. Analysis of liver tissue revealed increased protein levels of ATF6, CHOP, CRT, 

ERP72, GRP78 in mock-treated mice upon E. multilocularis infection, whereas PERK and its 

target eIF2α were found unaltered. IRE1α and ATF4 protein levels were found to be decreased. 

These findings indicate a direct impact of E. multilocularis infection on the cellular stress 

response. Treatment of infected animals with ABZ (partially) reversed the observed alterations 

in protein expression, emphasizing the effectiveness of the drug in the treatment of E. 

multilocularis infection in mice.  

Interestingly, H6PD protein levels were found to be increased in the liver tissue of mock-treated 

infected animals. In a previous publication, Tsachaki et al. reported decreased ATF4, ATF6, 

CHOP, GRP78 and XBP1-s protein levels after knock-down of H6PD in the triple negative 

breast cancer cell line SUM 159. Moreover, ERP72 and CRT protein levels were found to be 



155 

increased after knock-down of H6PD. Protein expression of PERK and eIF2α were unaltered 

(Tsachaki et al., 2018).  

Our study revealed that mock-treated mice infected with E. multilocularis were exposed to ER 

stress over an extended period. Prolonged ER stress can initiate apoptosis mediated via CHOP. 

Regulation of CHOP-induced apoptosis by microbes is considered a useful strategy for the 

microorganism (Hu et al., 2018). However, we cannot state whether this also applies to E. 

multilocularis infection. Further, observed increased CRT, ERP72 and GRP78 protein levels 

might be associated with a demand for increased luminal protein folding capacity. During ER 

stress PDI family member ERP72, CRT and GRP78 act as luminal chaperones (Wu and 

Kaufman, 2006). In our study we used mouse liver tissue to determine protein expression levels. 

Hepatocytes constitute approximately 80% of the total liver volume and mass (Tanaka and 

Miyajima, 2016). Besides their other functions, they are found to play an important role in 

immune response by secreting various innate immunity protein such as hepcidin, hemopexin or 

fibrinogen (Zhou et al., 2016). In a previous study, mice infected with E. multilocularis showed 

overexpressed gene levels of a number of acute phase proteins including hemopexin (Lin et al., 

2011). This finding would supports the hypothesis that luminal protein folding capacity in the 

analyzed hepatic liver tissue was increased.  

Finally, it is known that disturbances of the luminal pyridine nucleotide redox state result in ER 

stress (Szaraz et al., 2010). The observed increase of H6PD protein expression in animals 

infected with E. multilocularis may be a consequence of an increased demand for reduced 

pyridine nucleotides in the ER lumen. However, the exact use of NADPH in this context 

remains unclear and additional work is required to unravel the specific role of H6PD in the UPR 

and ERS. Further, although one cannot postulate a direct correlation between the results 

presented by Tsachaki et al. and the results in our study, it might be of importance for further 

investigations to pay attention to the fact, that similar proteins of the UPR are altered upon 

either silencing of H6PD or its upregulation.  

In term of the clinical relevance of our results we also need to address E. multilocularis infection 

in human. Alveolar echinococcosis (AE), caused by the larval stage of E. multilocularis, 

represents a dangerous zoonosis, listed among the neglected tropical diseases (Casulli, 2020). 

AE is characterized by an asymptomatic course and high mortality (approximately 90% within 

10 years and up to 100% within 15 years) in untreated cases, highlighting the risk of this disease 

(Maddah et al., 2016). Treatment of AE is limited to surgical interventions (including liver 

transplantation) and (life-long) therapy using anthelmintic drugs such as ABZ  

(Siles-Lucas et al., 2018). A study by Torgerson et al. approximated over 18’000 (CIs 11’900-
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28’200) new cases of AE every year, corresponding to approximately 666’000 (CIs 331’000 – 

1’300’000) disease-adjusted life years (Torgerson et al., 2010). While approximately 91% of 

all new AE cases are reported in China (Wang et al., 2020), increasing numbers of cases were 

recently described in southern Germany (Mueller et al., 2020). Thus, considering the 

geographically spread of E. multilocularis and the increasing numbers of AE, the need for better 

understanding of both parasite and clinical manifestation as well as additional treatment options 

become evident (Chauchet et al., 2014; Mueller et al., 2020). In conclusion, our results enable 

the opportunity to consider the UPR and UPR-related processes as druggable targets in E. 

multilocularis infection. However, given the stage of development of such drug candidates, it 

will still take some time before results can be expected in this regard (Cubillos-Ruiz et al., 

2017). 

  

In the second project of this part, we analyzed the BA profiles of serum from E. multilocularis 

infected mice. For decades, the measurement of BA profiles has been considered as a biomarker 

of liver function (Mills et al., 1998; Lucangioli et al., 2009; Luo et al., 2018). Perturbation of 

BA (ratios) was shown to indicate drug induced liver injuries (Yamazaki et al., 2013). The 

utility of BA as biomarkers has been described in the context of several maladies such as viral 

hepatitis (Simko and Michael, 1998) or nonalcoholic fatty liver disease (Dasarathy et al., 2011). 

In our study, we observed significantly increased levels of TCA and TβMCA, which represent 

the most abundant bile acids in mice (Li and Dawson, 2019), whereas other tauine-conjugated 

bile acids were not altered. All unconjugated primary and secondary BA levels were found to 

be decreased in mock-treated infected animals compared to non-infected mice. Interestingly, 

the (total) BA profile was restored after treating infected animals with ABZ (chapter 6.2, 

Fig. 2), thereby demonstrating the effectiveness of the drug. Protein or gene expression levels 

of relevant hepatic BA transporters were found either decreased (BSEP, NTCP, Oatp4, Ostα) 

or unaltered (OATP1A1, Mrp2, Mrp4, Ostβ). Likewise, enzymes involved in BA synthesis 

tended to decrease (AKR1D1) or were not altered (CYP7A1, CYP27A1) regarding their protein 

(AKR1D1) and gene expression (AKR1D1, CYP7A1, CYP27A1) levels. This suggests that the 

observed alterations in the BA profiles in our study might be at least partly mediated by 

decreased activity of farnesoid X receptor (FXR) activation (Fiorucci et al., 2021). As a result 

of inflammation, however, the trend decrease in CYP7A1 is opposite to what would be expected 

upon lower FXR activity. We suggest that the observed shift from free to taurine-conjugated 

BA in the serum is a direct result of E. multilocularis infection. It would therefore be important 

to quantify BA in liver tissue collected in the context of this study to verify this hypothesis. 
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Either way, our BA profile findings could be useful in the effort to develop new strategies to 

diagnose E. multilocularis infection. Further, biomarker(s) to detect E. multilocularis infection 

would be helpful to track disease progression and therapeutic efficacy. However, the alterations 

in BA levels need to be confirmed and validated in human, in order to show whether BA profiles 

are a suitable biomarker for AE. Moreover, TβMCA, one of the BA found to be increased in E. 

multilocularis infected mice, is synthesized by CYP2C70 mediated conversion of UDCA 

(Chapter 3, Fig. 3) and therefore this BA is found in mice and rats but not in human (Yao et al., 

2018). Regarding the limitations of our approach in this context, it is also important to mention 

the difference between the mouse model used in this study and the pathogenesis of AE in 

human. In our work, we examined liver tissue of mice subjected to E. multilocularis by 

secondary infection, whereas AE in human is caused by accidental ingestion of infective eggs 

(Kern et al., 2004). Thus, parasitic growth in human may differ from our model, which in turn 

may result in alternative effects on BA profiles.  

 

In the last part of this thesis, we addressed the problem of measuring 11β-HSD1 activity in vivo. 

Suitable biomarkers would be helpful in the development of pharmacological 11β-HSD1 

inhibitors. Modulation and in particular inhibition of 11β-HSD1 activity represent promising 

strategies in the treatment of diseases associated with an imbalance of tissue specific 

glucocorticoid activation. Terao et al. postulated the application of 11β-HSD1 inhibitors to 

promote skin repair and wound healing (Terao et al., 2011). Moreover, selective inhibition of 

11β-HSD1 is expected to have a beneficial impact on the metabolic syndrome (Koike et al., 

2019) and DM type 2 (Hollis and Huber, 2011). Furthermore, in the context of a multicenter 

phase II clinical trial, Hardy et al. examined the effectiveness of the novel 11β-HSD1 inhibitor 

AZD4017. Their findings demonstrated improved lipid profiles, markers of hepatic function 

and increased lean muscle mass in obese women diagnosed with idiopathic intracranial 

hypertension (IIH) after treatment with AZD4017 compared to the placebo-treated control 

group (Hardy et al., 2021).  

The biomarker we present in this work to detect decreased 11β-HSD1 enzyme activity was 

found to be robust in a number of independent mouse models. However, following the principle 

of 3Rs (reduce, refine, replace) our study included only male mice at the age of 10-15 weeks. 

The time point of sacrifice is in contrast to the mean lifespan of male C57BL/6J mice, which is 

approximately 900 days (Brust et al., 2015). The question whether age or sex influence the BA 

profile has been addressed in several studies. In previous work Xie et al. analyzed BA 

concentrations in the serum of 502 healthy individuals which demonstrated that BA profiles 
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were influenced by age, sex and body-mass-index (Xie et al., 2015). Supporting these findings, 

Frommherz et al. reported overall higher median plasma levels of BA in men compared with 

women. Also, age related differences in BA profiles were described (Frommherz et al., 2016).  

Finally, many of the potential applications of 11β-HSD1 activity biomarkers are in the context 

of identifying and monitoring pathophysiological conditions. This is important, since  

(Poly-)medication in the treatment of (metabolic) diseases is common in the western 

hemisphere and thereby modulation of BA profiles might affect the utility of presented 

biomarker (Li et al., 2019). In conclusion, we can state that further investigations in human are 

needed to confirm the utility of the presented BA biomarker to monitor 11β-HSD1 activity in 

vivo in different disease situations and upon pharmacological treatment.  
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10 Appendix 

10.1 List of proteins identified by BioID-based proximity labeling in MDA-MB 231 

cells stably expressing H6PD-BirA*-HA compared to control (MDA-MB 231 

cells) 

 

Log2-ratio ≥ 1, qValue ≤ 0.05, compared to control (MDA-MB 231) 

MOGS Mannosyl-oligosaccharide glucosidase  

CRELD2 Cysteine-rich with EGF-like domain protein 2  

TMTC3 Transmembrane and TPR repeat-containing protein 3  

TMED2 Transmembrane emp24 domain-containing protein 2  

IKBIP Inhibitor of nuclear factor kappa-B kinase-interacting protein  

AGR2 Anterior gradient protein 2 homolog  

COL4A2 Collagen alpha-2(IV) chain  

SELENOF 15 kDa selenoprotein  

HYOU1 Hypoxia up-regulated protein 1  

RCN1 Reticulocalbin-1  

SDF2L1 Stromal cell-derived factor 2-like protein 1  

PDIA4 Protein disulfide-isomerase A4  

MCFD2 Multiple coagulation factor deficiency protein  

DNAJB12 DnaJ (Hsp40) homolog, subfamily B, member 12, isoform CRA_c  

H6PD FUSION Cterm-BirA C-H6PD linker sequence BirA HA tag  

GDH/6PGL endoplasmic bifunctional protein  

MYDGF Myeloid-derived growth factor  

TMED9 Transmembrane emp24 domain-containing protein 9  

LMAN1 Protein ERGIC-53  

PRKCSH Glucosidase 2 subunit beta  

TXNDC5 Thioredoxin domain-containing protein 5  

CALU Calumenin  

SDF4 45 kDa calcium-binding protein (Fragment)  

P4HB Protein disulfide-isomerase  

PDIA3 Protein disulfide-isomerase A3  

DNAJB11 DnaJ homolog subfamily B member 11  
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DNAJC3 DnaJ homolog subfamily C member 3  

HSPA5 78 kDa glucose-regulated protein  

ITGB1 Integrin beta-1  

PCYOX1 Prenylcysteine oxidase 1  

NUP210 Nuclear pore membrane glycoprotein 210  

UGGT1 UDP-glucose:glycoprotein glucosyltransferase 1  

ERO1A ERO1-like protein alpha  

CNPY3 Protein canopy homolog 3  

SUMF2 Sulfatase-modifying factor 2  

LMAN2L VIP36-like protein  

PLOD3 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3  

ERP29 Endoplasmic reticulum resident protein 29  

TMX1 Thioredoxin-related transmembrane protein 1  

MANF Mesencephalic astrocyte-derived neurotrophic factor  

SEL1L Protein sel-1 homolog 1  

FKBP2 Peptidyl-prolyl cis-trans isomerase FKBP2  

NENF Neudesin  

CALR Calreticulin  

P3H1 Prolyl 3-hydroxylase 1  

MLEC Malectin  

PDIA6 Protein disulfide-isomerase A6  

MESDC2 LDLR chaperone MESD  

CANX Calnexin  

PRDX4 Peroxiredoxin-4  

TMEM43 Transmembrane protein  

NA Uncharacterized protein (Fragment)  

HSP90B1 Endoplasmin  

CHID1 Chitinase domain-containing protein 1  

RCN2 Reticulocalbin-2  

DDOST Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit  

SLC39A7 Zinc transporter SLC39A7  

NOMO1 Nodal modulator 1  

RPN1 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1  

PLOD2 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2  
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DNAJC10 DnaJ homolog subfamily C member 10  

ERP44 Endoplasmic reticulum resident protein 44  

MIA3 Melanoma inhibitory activity protein 3  

TMED10 Transmembrane emp24 domain-containing protein 10  

POFUT2 GDP-fucose protein O-fucosyltransferase 2  

RPN2 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2  

ERGIC3 Endoplasmic reticulum-Golgi intermediate compartment protein 3 (Fragment)  

LRPAP1 Alpha-2-macroglobulin receptor-associated protein  

STIM1 Stromal interaction molecule 1 

EMC1 ER membrane protein complex subunit 1  

COLGALT1 Procollagen galactosyltransferase 1  

TMEM109 Transmembrane protein 109  

PDIA5 Protein disulfide-isomerase A5  

SERPINH1 Serpin H1  

PBXIP1 Pre-B-cell leukemia transcription factor-interacting protein 1  

NA Uncharacterized protein  

GANAB Neutral alpha-glucosidase AB  

TAPBP Tapasin  

CKAP4 Cytoskeleton-associated protein 4  

P4HA1 Prolyl 4-hydroxylase subunit alpha-1  

TXNDC12 Thioredoxin domain-containing protein 12  

LAMC1 Laminin subunit gamma-1  

PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1  

TOR1AIP1 Torsin-1A-interacting protein 1  

MAGT1 Magnesium transporter protein 1  

POFUT1 GDP-fucose protein O-fucosyltransferase 1  

SDF2 Stromal cell-derived factor 2  

CCT8 T-complex protein 1 subunit theta  

ERAP1 Endoplasmic reticulum aminopeptidase 1  

YBX3 Y-box-binding protein 3  

PGRMC2 Membrane-associated progesterone receptor component 2  

APMAP Adipocyte plasma membrane-associated protein  

RUVBL1 RuvB-like 1  

IPO5 Importin-5 (Fragment)  
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SQSTM1 Sequestosome-1  

ASPH Aspartyl/asparaginyl beta-hydroxylase  

MYO1E Unconventional myosin-Ie  

NOP2 Probable 28S rRNA (cytosine(4447)-C(5))-methyltransferase  

PPIB Peptidyl-prolyl cis-trans isomerase B  

SEC63 Translocation protein SEC63 homolog  

CDA Cytidine deaminase  

EPS8L2 Epidermal growth factor receptor kinase substrate 8-like protein 2  

LAMB3 Laminin subunit beta-3  

MGST1 Microsomal glutathione S-transferase 1 

CORO1B Coronin-1B  
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10.2 List of proteins identified by BioID-based proximity labeling in MDA-MB 231 

cells stably expressing H6PD-BirA*-HA and 11β-HSD1 compared to control 

(MDA-MB 231 cells stably expressing 11β-HSD1) 

 

Log2-ratio ≥ 1; qValue ≤ 0.05, compared to control (MDA-MB 231 cells stably 

expressing 11β-HSD1) 

 

BRI3BP BRI3-binding protein  

H6PD FUSION Cterm-BirA C-H6PD linker sequence BirA HA tag  

GDH/6PGL endoplasmic bifunctional protein  

SELENOF 15 kDa selenoprotein F 

TOR1B Torsin-1B  

PDIA3 Protein disulfide-isomerase A3  

PDIA3 Protein disulfide-isomerase A3 (Fragment)  

CALU Calumenin  

B3GAT3 Beta-1,3-glucuronyltransferase 3 (Glucuronosyltransferase I), isoform CRA_a  

SEL1L Protein sel-1 homolog 1  

PDIA4 Protein disulfide-isomerase A4  

HYOU1 Hypoxia up-regulated protein 1 (Fragment)  

EDEM3 ER degradation-enhancing alpha-mannosidase-like protein 3  

KDELC2 KDEL motif-containing protein 2  

LMAN1 Protein ERGIC-53  

MYDGF Myeloid-derived growth factor (Fragment)  

P4HB Protein disulfide-isomerase  

CLCC1 Chloride channel CLIC-like protein 1  

MESDC2 LDLR chaperone MESD  

TXNDC5 Thioredoxin domain-containing protein 5  

HSPA5 78 kDa glucose-regulated protein  

MAN2A1 Alpha-mannosidase 2  

ASPH Aspartyl/asparaginyl beta-hydroxylase  

DNAJB11 DnaJ homolog subfamily B member 11  

POFUT1 GDP-fucose protein O-fucosyltransferase 1  

IKBIP Inhibitor of nuclear factor kappa-B kinase-interacting protein  
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ATF6 Cyclic AMP-dependent transcription factor ATF-6 alpha  

HYOU1 Hypoxia up-regulated protein 1  

PRKCSH Glucosidase 2 subunit beta  

TMX3 Protein disulfide-isomerase TMX3  

EOGT EGF domain-specific O-linked N-acetylglucosamine transferase  

NUCB2 Nucleobindin 2, isoform CRA_b  

UGGT2 UDP-glucose:glycoprotein glucosyltransferase 2  

SDF4 45 kDa calcium-binding protein  

NA Uncharacterized protein (Fragment)  

RCN1 Reticulocalbin-1  

FKBP2 Peptidyl-prolyl cis-trans isomerase FKBP2  

LRPAP1 Alpha-2-macroglobulin receptor-associated protein  

MOGS Mannosyl-oligosaccharide glucosidase  

GLG1 Golgi apparatus protein 1  

SLC38A10 Putative sodium-coupled neutral amino acid transporter 10  

ERO1A ERO1-like protein alpha  

DNAJC3 DnaJ homolog subfamily C member 3  

STIM1 Stromal interaction molecule 1  

FAM213A Redox-regulatory protein FAM213A  

POGLUT1 Protein O-glucosyltransferase 1  

HSP90B1 Endoplasmin  

MANF Mesencephalic astrocyte-derived neurotrophic factor  

PLOD2 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2  

TGFB1 Transforming growth factor beta-1  

NENF Neudesin  

TMX1 Thioredoxin-related transmembrane protein 1  

PDIA6 Protein disulfide-isomerase A6  

ERP29 Endoplasmic reticulum resident protein 29  

DNAJB12 DnaJ homolog subfamily B member 12  

NOMO1 Nodal modulator 1  

PDIA5 Protein disulfide-isomerase A5  

TMED4 Transmembrane emp24 domain-containing protein 4  

LMAN2L VIP36-like protein  

SUMF2 Sulfatase-modifying factor 2  
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ERLIN2 Erlin-2  

TXNDC12 Thioredoxin domain-containing protein 12  

P4HA2 Prolyl 4-hydroxylase subunit alpha-2  

ITGB1 Integrin beta-1  

CALR Calreticulin  

ACTN1 Alpha-actinin-1  

PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1  

UGGT1 UDP-glucose:glycoprotein glucosyltransferase 1  

PCYOX1 Prenylcysteine oxidase 1  

PRDX4 Peroxiredoxin-4  

TMED7-

TICAM2 

Protein TMED7-TICAM2 

COL4A1 Collagen alpha-1(IV) chain  

ERLEC1 Endoplasmic reticulum lectin 1  

SDF2 Stromal cell-derived factor 2 

DNAJC10 DnaJ homolog subfamily C member 10  

RCN2 Reticulocalbin-2  

TGFB2 Transforming growth factor beta-2  

CANX Calnexin  

GANAB Neutral alpha-glucosidase AB  

TMEM43 Transmembrane protein 43  

SPANXB1 Sperm protein associated with the nucleus on the X chromosome B1  

SERPINH1 Serpin H1  

POFUT2 GDP-fucose protein O-fucosyltransferase 2  

CNPY3 Protein canopy homolog 3  

CCDC134 Coiled-coil domain-containing protein 134  

RRAD GTP-binding protein RAD  

DDOST Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit  

MIA3 Melanoma inhibitory activity protein 3  

ERP44 Endoplasmic reticulum resident protein 44  

SDF2L1 Stromal cell-derived factor 2-like protein 1  

ERGIC3 Endoplasmic reticulum-Golgi intermediate compartment protein 3 (Fragment)  

CRELD2 Cysteine-rich with EGF-like domain protein 2  

P3H2 Prolyl 3-hydroxylase 2  
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HSD11B1 Corticosteroid 11-beta-dehydrogenase isozyme 1  

NUP210 Nuclear pore membrane glycoprotein 210  

RPN2 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2  

FUT8 Alpha-(1,6)-fucosyltransferase  

P4HA1 Prolyl 4-hydroxylase subunit alpha-1  

CHID1 Chitinase domain-containing protein 1  

TOR1AIP1 Torsin-1A-interacting protein 1  

EMC1 ER membrane protein complex subunit 1  

MYO1E Unconventional myosin-Ie  

PTGES Prostaglandin E synthase  

RPN1 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1  

MLEC Malectin  

MAGT1 Magnesium transporter protein 1  

SIL1 Nucleotide exchange factor SIL1  

PLOD3 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3  

RPLP1 60S acidic ribosomal protein P1  

TMTC3 Transmembrane and TPR repeat-containing protein 3  

CFL2 Cofilin-2  

TMED9 Transmembrane emp24 domain-containing protein 9  

P3H1 Prolyl 3-hydroxylase 1  

SEC63 Translocation protein SEC63 homolog  

TMED10 Transmembrane emp24 domain-containing protein 10  

TMEM109 Transmembrane protein 109  

LAMC2 Laminin subunit gamma-2  

ERAP1 Endoplasmic reticulum aminopeptidase 1  

ACTA2 Actin, aortic smooth muscle  

BCCIP BRCA2 and CDKN1A-interacting protein  

LAMB3 Laminin subunit beta-3  

GPX8 Glutathione peroxidase  

COLGALT1 Procollagen galactosyltransferase 1  

ERLIN1 Erlin-1  

LEMD2 LEM domain-containing protein 2  

BCAP31 B-cell receptor-associated protein 31  

ADAM9 Disintegrin and metalloproteinase domain-containing protein 9  
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PNPLA6 Neuropathy target esterase  

SLC39A7 Zinc transporter SLC39A7  

TAPBP Tapasin  

PDLIM5 PDZ and LIM domain protein 5  

IGFBP7 Insulin-like growth factor-binding protein 7  

CPS1 Carbamoyl-phosphate synthase [ammonia], mitochondrial  

ITGB4 Integrin beta-4  

KTN1 Kinectin  

HSPH1 Heat shock protein 105 kDa  

LAMB1 Laminin subunit beta-1  

FKBP7 Peptidyl-prolyl cis-trans isomerase FKBP7  

RUVBL1 RuvB-like 1  

CKAP4 Cytoskeleton-associated protein 4  

NCEH1 Arylacetamide deacetylase-like 1  

VTN Vitronectin  

PRDX3 Thioredoxin-dependent peroxide reductase, mitochondrial  

CCT8 T-complex protein 1 subunit theta  

FLNA Filamin-A  

CDA Cytidine deaminase  

CISD2 CDGSH iron-sulfur domain-containing protein 2  

CCPG1 Cell cycle progression protein 1  

LAMC1 Laminin subunit gamma-1  

MACF1 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5  

XPO1 Exportin-1  

HPRT1 Hypoxanthine-guanine phosphoribosyltransferase  

SUCO SUN domain-containing ossification factor  

STT3B Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3B  

MFSD10 Major facilitator superfamily domain-containing protein 10  

CTSA Carboxypeptidase  

FSCN1 Fascin  

MGST1 Microsomal glutathione S-transferase 1 (Fragment)  

STMN1 Stathmin  
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