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Zusammenfassung  

Sepsis ist definiert als Wirtsreaktion auf eine systemische Infektion. Die schwere Sepsis und 

der septische Schock zählen weltweit zu den führenden Gründen von Morbidität und 

Mortalität. Therapeutische Strategien beschränken sich auf rasche und adäquate 

antibiotische Intervention und im Falle von multiplem Organversagen auf zusätzliche 

supportive Maßnahmen. Aufgrund des Mangels neuer medikamentöser Optionen ergibt sich 

die Notwendigkeit neue Therapieansätze und Substanzen zu identifizieren. 

Epidemiologische Studien belegen im Hinblick auf das Überleben einer Sepsis einen 

Geschlechterdimorphismus, wobei Frauen im Vergleich zu Männern eine niedrigere 

Mortalität aufweisen. Dieser Geschlechterunterschied bei der Sepsis-Antwort tritt auch in 

Tiermodellsystemen auf. Erste Hinweise assoziieren die Geschlechtsspezifität mit den 

unterschiedlichen Einflüssen von Sexualhormonen auf das Immunsystem. In Tierversuchen 

zu Trauma und Hämorrhagie wurde der förderliche Effekt des Androgenrezeptor- 

antagonisten Flutamid lediglich auf dessen östrogene Wirkung zurückgeführt. Der Einfluss 

des Androgenrezeptors und anderer Androgenrezeptorantagonisten bei der Sepsis wurden 

dagegen bisher nicht ausreichend analysiert. Daher wurde hier die Hypothese aufgestellt, 

dass neben Östrogenrezeptor-Modulatoren auch Androgenrezeptorliganden eine Rolle bei 

der Sepsis-Antwort spielen. Die Analyse der Kernhormonrezeptorliganden könnte zur 

Identifizierung neuer potenzieller therapeutischer Ansätze führen. 

In der vorliegenden Dissertationsarbeit wurde eine Vielzahl neuer potenzieller Androgen- 

rezeptorliganden funktionell charakterisiert. Die funktionelle Analyse resultierte in der 

Identifikation von aktiven antiandrogenen Substanzen, die einen anderen Inhibierungs- 

mechanismus aufweisen, als die bisher klinisch verwendeten. Der Geschlechter- 

dimorphismus wurde zum ersten Mal in dem Tiermodell der Sepsis-Induktion mittels 

peritonealer Kontamination und Infektion, einer Hauptursache für Sepsis, nachgewiesen. 

Entscheidend für ein verbessertes Überleben der Männchen waren Substanzen, die 

simultan den Androgenrezeptor inhibieren und die Östrogenrezeptoren aktivieren. Sowohl 

der neue Antagonist Atrarsäure als auch Flutamid verringerten interessanterweise die 

Mortalität ohne zusätzliche Antibiotikabehandlung, eine bedeutende Beobachtung 

hinsichtlich zunehmender Antibiotikaresistenzen. Beide Substanzen veränderten die 

Expression von Genen, die Anzahl der Thrombozyten und die Proteinmenge von 

Hämopexin in Männchen hin zu den gemessenen Parametern in septischen weiblichen 

Tieren, was möglicherweise zur Überlebensverbesserung beiträgt. 

Eine geschlechtsspezifische Sepsis-Behandlung, als neues therapeutisches Prinzip, könnte 

zur Überlebensverbesserung bei Männern beitragen. 
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Summary  

Sepsis is defined as a host response to systemic inflammation and has a significant and 

increasing impact on public health. Severe sepsis and septic shock are leading causes 

of morbidity and mortality worldwide. Therapeutic strategies are limited to early and 

appropriate antibiotics and in case of multiple organ failure to additional supportive 

care. Therefore, novel therapy approaches and suitable substances are required for the 

treatment of sepsis. Interestingly, epidemiological studies observed a gender 

dimorphism in severe sepsis with women exhibiting a lower mortality compared to 

men. This gender difference is also present in rodent sepsis models. Some indications 

correlate the gender specificity in sepsis response with sexual hormones and their 

distinct alterations of the immune system. The ameliorating effect of the androgen 

receptor antagonist flutamide in rodent models of trauma-hemorrhage was solely 

connected to its estrogenic activity. However, the role of the androgen receptors or 

other antagonists had not been analyzed yet. Thus in this study it was hypothesized 

that beside estrogen receptor modulation in addition androgen receptor ligands play a 

role for the sepsis response. The analysis of the contribution of nuclear hormone 

receptors may lead to the identification of novel potential therapeutic approaches. 

In the present thesis, a multiplicity of novel potential androgen receptor ligands was 

functionally characterized. The functional analysis led to the identification of 

antiandrogens exhibiting a different mode of androgen receptor inhibition compared to 

the clinically used drugs. The gender dimorphism was verified for the first time in the 

rodent sepsis model of peritoneal contamination and infection, a major cause of sepsis. 

Notably, individual compounds that inactivate the androgen receptor but activate the 

estrogen receptors were sufficient to enhance survival of male septic mice. Treatment 

with either the novel natural androgen receptor antagonist atraric acid or flutamide 

enhanced male sepsis survival even in the absence of antibiotics, an important 

observation in the light of an ever increasing burden of resistant pathogens. Both 

compounds altered the expression of genes, the platelet counts in the blood and the 

amount of the scavenging protein hemopexin in male mice towards the levels of 

females. These changes may contribute to the male beneficial sepsis outcome. 

A gender specific sepsis treatment, as a novel therapeutic approach, may enhance the 

sepsis survival of males.  
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1 Introduction  

1.1 Sepsis  

Sepsis is defined as systemic inflammatory response to infection and one of the 

leading causes of morbidity and mortality worldwide (world sepsis 

declaration:http://www.world-sepsis-day.org). The history of sepsis 

specification ranged from Hippocrates, claiming sepsis as process by which 

flesh rots, swamps generate foul airs and wounds fester, to a laudable 

necessary event for wound healing by Galen, to the definition as a systemic 

infection also often named blood poisoning (Majno 1991, Funk et al. 2009). All 

these paradigms were not adequate since sepsis patients died despite 

successful clearance of the initiating pathogen. Nowadays sepsis is more 

thought to be a syndrome or disease continuum form systemic infection to 

organ failure and in addition to its initiation by multiple microbes the host 

response to sepsis is more focused, considering that this drives the 

pathogenesis (Cerra 1985). 

The disease continuum is divided in different phases and severity grades. A 

systemic inflammatory response as a result of infection and associated organ 

dysfunction, hypoperfusion or hypotension is termed severe sepsis. If adequate 

fluid resuscitation fails, clinicians state the patient as exhibiting septic shock 

(Bone et al. 1992). A further severity-of-disease scoring is the APACHE II 

(Acute Physiology and Chronic Health Evaluation II), that is based on bedside 

evaluation. The scoring involves twelve routine physiological measurements e.g. 

heart rate, oxygenation, white blood cell count etc., plus information about 

previous health status of the patient. A high APACHE II score correlates with 

increased hospital mortality (Pilz et al. 1991). 

Sepsis and severe sepsis are the most common cause of death among critically 

ill patients in non-coronary intensive care units (Angus et al. 2001). In Germany 

a nationwide study revealed an approximate hospitality death rate for severe 

sepsis of 55% (Engel et al. 2007). Case numbers of severe sepsis exceed 

750,000 per year and were reported to rise in the United States (Angus et al. 

2001, Lagu et al. 2012). Recent extrapolation estimated more than 19 million 
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cases per year worldwide (Adhikari et al. 2010). Thus despite therapy, 20-30% 

of severe sepsis and 30-70% of septic shock patients die (Russel 2008). The 

incidence of severe sepsis is caused by hospital- as well as community-acquired 

infections, with highest incidence of lung infection followed by intra-abdominal 

and urinary tract infections (Vincent et al. 2009). Several factors contribute to 

sepsis susceptibility and outcome: the initial site of infection, the causative 

microbe, the pattern of acute organ dysfunction, the underlying health status of 

the patient and the time span before initiation of treatment (Angus and van der 

Poll 2013). For example in septic shock patients a correlation between onset of 

antimicrobial treatment within the first hour of documented hypotension and 

enhanced survival rate led to the concept “hit hard and fast” (Kumar et al. 

2006). Unfortunately, blood cultures, which is the common diagnostic method 

for microbe detection, are typically positive in only one third of severe sepsis 

cases, and in up to one third of cases cultures from all sites are negative 

(Angus et al. 2001). Beside the difficult recognition of sepsis the treatment of 

the disease is a main challenge for clinicians, since despite many years of 

intensive research there has no “sepsis drug” yet been found. Therefore sepsis 

is also named the “graveyard for pharmaceutical companies” (Riedemann et al. 

2003). A promising therapy with recombinant activated protein C (drotrecogin 

alpha) was unfortunately removed in 2011 from the market since it increased 

beside its beneficial effects adverse events and ultimately did not decrease 

mortality (Marti-Carvajal et al. 2012). Other agents designed to interrupt the 

initial cytokine cascade like anti-lipopolysaccharide or a polyclonal anti-TNF 

antibody also failed at the latest in clinical trials (Angus and van der Poll 2013). 

In general, advances in training and better surveillance as well as direct therapy 

initiation toward infection and support of failing organs decreased sepsis 

mortality during the last years (Kumar et al. 2011). Nonetheless surviving sepsis 

has been suggested to be accompanied with decreased life quality and chronic 

disorders plus an increased death risk in the following month after hospital 

discharge that exceeds up to an enhanced 5 year mortality rate as high as 75% 

(Iwashyna et al. 2010).  

Even though there is a high variability among sepsis patient population, general 

predispositions include age (higher in newborns and elderly), ethnic background 
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(higher in blacks compared to whites) and gender (Angus et al. 2001, Mayr et 

al. 2010). 

1.2 Gender dimorphism in sepsis  

Several clinical studies addressing sepsis mortality evidenced a gender 

dimorphism (Schroder et al. 1998, Oberholzer et al. 2000, Martin et al. 2003). 

The mortality in females (26%) was better compared to males (70%) exhibiting 

a comparable clinical course in a prospective study (Schroder et al. 1998). 

Another clinical trial divided consecutive injured patients not only by gender but 

also by severity of injury and revealed a better survival rate and less incidence 

of sepsis for women (17%) than for men (30.7%) in severe trauma concluding 

that gender influences the incidence of posttraumatic sepsis dependent on the 

severity of injury (Oberholzer et al. 2000). 

An epidemiological study by Martin et al. covering nationally representative 

samples of all nonfederal acute care hospitals from 1979 through the year 2000 

with a focus on sepsis cases revealed that men are more likely to develop 

sepsis than women (Martin et al. 2003). Furthermore, sepsis developed later in 

life in female patients (average 62.1 years) compared to males (average 56.9 

years). These observations may lead to the hypothesis that sexual hormones 

that decline during ageing influence the incidence of sepsis. This is in line with 

findings that hormonally active women have a better physiological response to 

similar degrees of shock and trauma than their male counterparts (Deitch et al. 

2007). In addition, a difference of mortality was observed in post-pubertal but 

not in pre-pubertal patients (Ghuman et al. 2013).  

Besides differences in survival the incidence for nosocomial infections after 

injury and hemorrhagic shock is related to gender, where female gender is 

again protective (Sperry et al. 2008). Furthermore, the source of infection 

differs as females are more likely to have genitourinary/urinary tract infections 

and males more dominantly respiratory infections (Artero et al. 2012).  

The effect of gender on sepsis outcome is even more evident in rodent models. 

Inducing peritonitis by cecal ligation and puncture (CLP) in female and male 

rats or endotoxemia induction with lipopolysaccharide in several mice strains 
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led to higher mortality in the male groups (Torres et al. 2005, Cosgrave et al. 

2013). Male death rate was significantly reduced if castration was performed at 

fourth day after birth (Cosgrave et al. 2013). The protective effect of castration 

was annihilated when the castrated males received testosterone replacement 

(Bernhardt et al. 2007), evidencing deleterious influence of male sexual 

hormones and the broad response thereon on sepsis survival.  

Interestingly the 24 h mortality in an animal model for trauma and severe 

hemorrhagic shock was decreased from 30% in male vehicle-treated animals to 

11% in the male group receiving 17β-estradiol (Mizushima et al. 2000). 

In summary sepsis survival is associated with female gender and hormones in 

humans as well as in rodent sepsis models, but the underlying mechanisms are 

not fully elucidated. 

1.2.1 Gender and the immune system 

Infection triggers a complex, variable and prolonged host response in sepsis. In 

sepsis patients cytokines with different profiles of action are secreted in excess 

and are therefore detectable in blood where they are normally absent or 

present in minimum concentrations (Adib-Conquy and Cavaillon 2007). The 

pathogens (microbes) interact with pattern-recognition receptors recognizing 

conserved microbial structures, termed pathogen-associated molecular patterns 

and activate immune cells. This results in the up-regulation of inflammatory 

genes and initiation of the innate immune response (Angus and van der Poll 

2013). The immune system also harbors humoral and cellular mechanisms for 

pro-inflammatory cytokine attenuation, the anti-inflammatory response. 

The pro-inflammatory reaction including tumor necrosis factor alpha (TNF-α), 

interleukin 6 (IL-6), interleukin 12 (IL-12) and interferon gamma (INF-γ) is 

directed to eliminate the invading pathogens but is also thought to be 

responsible for collateral tissue damage in severe sepsis.  

The anti-inflammatory reaction triggered by e.g. interleukin 10 (IL-10) and 

transforming growth factor beta (TGF-β) is important to limit the local and 

systemic tissue injury but this is on the other hand implicated in an enhanced 

susceptibility towards secondary infections (van der Poll and Opal 2008, Angus 
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and van der Poll 2013). In summary both pro- and anti-inflammatory cytokines 

are markers for poor outcome in sepsis (Cavaillon et al. 2003). 

Clinical and experimental studies demonstrated significant effects of sexual 

hormones on cell mediated immune response (Hernandez-Bello et al. 2012, 

Nadkarni and McArthur 2013). Females have a higher susceptibility for 

autoimmune disease e.g. systemic lupus erythematosus, since female sex 

steroids increase the activity of the humoral immune response being on the 

other hand protective under infectious conditions (Saha et al. 2011, Pan and 

Chang 2012, Angele et al. 2014). Male sex hormones are associated with an 

immune-suppressive humoral response and therefore may be deleterious in 

severe sepsis. This is in line with a study identifying male gender as an 

independent risk factor for the development of severe infections in surgical 

patients (Offner et al. 1999). Furthermore, it was reported that males exhibit a 

higher incidence of bacteremic infections compared to females (McGowan et al. 

1975). Patients with community acquired pneumonia revealed lower survival in 

older men associated with increased expression of TNF-α, IL-6 and IL-10 and in 

addition females exhibited increased anti-inflammatory cytokines that may have 

contributed to the better outcome (Reade et al. 2009). Elevated levels of pro-

inflammatory cytokines (e.g. IL-6 and TNF-α) were also described in male 

sepsis patients compared to females (Majetschak et al. 2000, Oberholzer et al. 

2000, Aulock et al. 2006, Frink et al. 2007). 

After induction of trauma-hemorrhage, pro-estrus female mice exhibited 

increased splenic and peritoneal macrophage immune responses and an 

enhanced release of splenocyte lymphokines, whereas the immune response in 

male mice was depressed (Wichmann et al. 1997). In the same study the 

treatment of male mice with the androgen receptor (AR) antagonist flutamide 

(Flu) altered their immune response beneficial for survival after trauma-

hemorrhage (Angele et al. 1997). Additionally female mice pre-treated for two 

weeks with dihydrotestosterone (DHT) prior to trauma-hemorrhage displayed a 

similar (suppressed) immune response as males (Angele et al. 1998).  
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Summarizing these data suggests a beneficial effect of female hormones and a 

detrimental effect of male hormones towards the immune system following 

trauma-hemorrhage and infection (Figure 1). 

The gender-specific expression of pro- and anti-inflammatory cytokines may be 

related to a direct effect on immune cells that have been identified to express 

sexual hormone receptors (Olsen and Kovacs 1996, Sakiani et al. 2013). 

Besides this, indirect influences like the estrogens-stimulated secretion of the 

immune-enhancing modulator prolactin may be beneficial (Zellweger et al. 

1996). 

The exacerbated cytokine production was considered as a drug target for sepsis 

treatment with the aim to restore homeostasis. Even though several strategies 

like administration of anti-IL-6 antibodies, recombinant IFN-γ or recombinant 

IL-10 revealed promising benefits in animal models, all failed in clinical studies, 

illustrating the complexity of the sepsis syndrome (Schulte et al. 2013). 

 

 

Figure 1 Sexual hormones influence the immune response in trauma-hemorrhage and 

infection. Following trauma- hemorrhage and infection estrogens (pink circles) and androgens (blue 

circles) have adverse effects towards the immune response. Previous castration of male mice (crossed 

blue circles) or treatment with the AR-antagonist flutamide (green circles) inhibit androgenic effects.  

1.2.2 Multiple organ failure in sepsis 

Organ failure is a consequence and a marker for severity of sepsis and the 

ultimate cause of death in sepsis patients. The number of sepsis patients 

displaying organ failure increased over time up to 33.6 % in the United States 

in 2000 and had a cumulative effect on mortality, since approximately only 15% 
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of patients with defined sepsis died and in contrast 70% of patients with severe 

sepsis (two or more organs failing) or septic shock did not survive (Martin et al. 

2003). The underlying mechanisms of multiple organ failure (MOF) in sepsis 

have not fully been elucidated yet. Nevertheless, impaired tissue oxygenation 

and loss of barrier integrity are involved in the process. The pro-inflammatory 

reaction can cause disarrangement and dysfunction of the vascular endothelium 

leading to cell activation and cell death. Injured mitochondria release targets 

into the extracellular environment, thereby activating neutrophils and finally 

resulting in tissue injury (Zhang et al. 2010). Furthermore, the barrier 

incompetence leads to the appearance of hepatic enzymes, bile, renal 

creatinine and other substrates in the blood and hypoxemia (Deutschman and 

Tracey 2014). 

The incidence of MOF was correlated to gender in severely injured patients by 

exhibiting a twofold more frequent occurrence of MOF in men (Oberholzer et al. 

2000). This female-specific favorable lower incidence of MOF was confirmed in 

a recent epidemiological study, covering better organ function of lung, cardio-

circulatory system, kidney and liver (Trentzsch et al. 2014). Interestingly, the 

protective effect of female gender for MOF remained significant in both pre-

menopausal and post-menopausal women when compared with age-matched 

male population (Frink et al. 2007, Sperry et al. 2008). 

Hematologic dysfunction contributes to death rates in septic patients with 6% 

(Martin et al. 2003). Hepatic impairment and failure can be caused by loss of 

integrity, detectable by oxaloacetic transaminase/aspartate transaminase 

(GOT/AST) in the blood, and/or loss of function, detectable by bilirubin (Bili) in 

the blood. The ER-α was found to be present in high protein levels in liver and 

thus being a potential point of action for female sex hormones (Kuiper et al. 

1997). Indeed, in the rodent CLP sepsis model, female rats showed less liver 

tissue damage because of the effects of female sex hormones and septic male 

rats treated with estrogens revealed protection towards liver injury (Erikoglu et 

al. 2005, Sener et al. 2005). 

The liver is in general an integral part of the host-defense mechanism and 

facilitates clearance of microbes and its constituents upon systemic infection by 
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immunological responses (e.g. release of pro-inflammatory cytokines) and is 

important for the degradation of deleterious substrates such as free heme. The 

occurrence of free heme is attributed to red blood cell (RBC) lysis followed by 

oxidation of cell-free hemoglobin (Hb). Free heme increases inflammation and 

cell death and exacerbates pathologic outcome of several immune-mediated 

inflammatory diseases (Larsen et al. 2012). Importantly, clinical studies 

revealed a correlation of high concentrations of cell-free Hb with worse sepsis 

outcome and survival (Adamzik et al. 2012, Janz et al. 2013). 

The free heme can be scavenged by the acute phase protein hemopexin (Hpx) 

through transport into specific liver cells (expressing CD91 receptors) and 

subsequent intracellular degradation by hemeoxygenase-1 (Larsen et al. 2012). 

Hpx itself is not degraded but reversely secreted into the circulation for further 

heme scavenging. High levels of Hpx in patients with septic shock were 

positively correlated with survival and less organ dysfunction (Larsen et al. 

2010). Moreover, treatment of primary mouse or human hepatocytes exposed 

to TNF-α with an Hpx:heme complex neutralized the cytotoxic effect compared 

to free heme and CLP induced sepsis in mice treated with Hpx led to reduced 

mortality and improved organ function (liver, kidney and heart) (Larsen et al. 

2010). Taken together, these results indicate an important role of Hpx on 

preventing organ dysfunction and being a predictor of survival in severe sepsis. 

1.3 The androgen receptor 

The androgen receptor (AR) belongs to the family of steroid hormone 

receptors, a group of highly homologous ligand controlled transcription factors 

(Evans 1988). Further members are the glucocorticoid receptors (GR), the 

progesterone receptors (PR) and the estrogen receptors (ER). The AR structure 

can be divided in three main parts (Klocker et al. 2004):  

1) an N-terminal domain, which represents the primary effector region and 

is mainly responsible for the receptor-mediated transactivation 

2) a central DNA-binding-domain, highly conserved among the receptor 

family, including two zinc-finger motifs for DNA-binding and recognition 

of androgen responsive promoters 
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3) a ligand-binding-domain (LBD) separated by a hinge region from the 

DNA-binding-domain, consisting of 12 helices, which form the pocket for 

ligand binding and are crucial for the ligand-induced conformational 

changes 

In the absences of androgens the AR is located in the cytoplasm bound to 

several heat shock proteins, chaperons and FKPB5 immunophilins to stabilize 

the AR (Veldscholte et al. 1992c, Zhu et al. 2001, Lee and Chang 2003). In the 

presence of androgens, which is in cells mostly DHT, nuclear translocation of 

the AR as well as homodimerization are induced and thus resulting in DNA 

binding and distinct target gene expression alterations (up- as well as down-

regulation) (Grosse et al. 2012). Besides these genomic effects, the AR is also 

responsible for protein degradation and post-transcriptional modifications of 

other signaling molecules (Ye et al. 1999, Migliaccio et al. 2000, Xu et al. 2006). 

On physiological level, AR plays a crucial role in male development including the 

prostate, fertility and behavioral manifestation. Also, AR promotes the 

development of benign prostatic diseases and prostate cancer (Gelmann 2002).  

Prostate cancer is the most commonly diagnosed malignancy and the second 

leading cause of cancer death in males in western countries and the growth has 

been discovered to be androgen- and AR-dependent at least in initial phases 

(Siegel et al. 2012).Therefore the AR is the main target in prostate cancer 

therapy. According to this, prostate cancer responds to AR-inhibition by AR-

antagonists, termed antiandrogens. Previously developed antiandrogens that 

are in clinical use e.g. Bicalutamide (Bic) and Flutamide (Flu), have been 

described so far to target the ligand-binding-domain of the AR, thereby 

inducing a helices conformational change favoring the binding of repressive 

cofactors an thus suppressing AR action (Dotzlaw et al. 2002).  

The prostate cancer therapy with antiandrogens unfortunately leads at the 

latest mostly within two years to a refractory cancer status, giving the need for 

novel antiandrogens exhibiting a novel mode of action. Our working group 

identified novel antiandrogenic candidate drugs which act via a different 

mechanism of AR inhibition. The bioactive antiandrogens derived from plant 

extracts of phytotherapeutics: natural ones from the bark extract of the tree 
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Pygeum africanum as well as synthetic derivatives of a main compound from 

the fruits of the palm tree Sabal serrulata (Klocker et al. 2004, Roell and 

Baniahmad 2011, Roell et al. 2011, Papaioannou et al. 2013). These AR 

antagonists inhibit the AR-mediated transactivation independent of corepressor 

recruitment. 

The AR performs distinct physiological functions in development and 

homeostasis throughout male life.  

1.4 The presumed beneficial mechanism of flutamide on trauma 
and subsequent sepsis 

The non-steroidal compound flutamide (Flu) was found to be an effective 

inhibitor of the AR and to decrease prostate cancer growth. Flu is often and 

successfully used in prostate cancer therapy, mainly in combination with radical 

prostatectomy (Akaza 2011). Notably, besides its antiandrogenic effect Flu 

additionally activates the ER by activating the aromatase leading to an 

increased conversion of testosterone to the active 17β-estradiol (E2) 

(Hildebrand et al. 2006). 

The insight that castration of male mice prior to soft-tissue trauma and severe 

hemorrhagic shock, often resulting in sepsis, exhibited a better maintained 

immune and cardiac function than in the sham operated control group rose the 

hypothesis if this androgen depletion-mediated effect might also be achieved by 

the administration of Flu (Wichmann et al. 1996, Remmers et al. 1997). Short-

term therapy of naïve male mice with Flu after resuscitation enhanced the ex 

vivo analyzed immune response of spleens and peritoneal macrophages 

assuming immuno-protection (Wichmann et al. 1997). Further studies in the 

trauma-hemorrhage model revealed restored cardiac and hepatocellular 

function after Flu treatment and improved adrenal function. A pre-treatment 

with Flu restored IL-6 release by T lymphocytes and increased ER expression in 

T lymphocytes (Remmers et al. 1997, Remmers et al. 1998, Samy et al. 2000). 

Interestingly, a series of studies also showed that the expression of ER was up-

regulated in cardiomyocytes by Flu treatment after trauma-hemorrhage 

whereas the AR expression level remained unchanged (Yu et al. 2005). The 
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elevated ER expression was accompanied by increased estrogen levels, possibly 

based on the measured enhanced aromatase activity, and enhanced mRNA 

levels of the cardiac key regulator PGC-1 (peroxisome proliferator-activated 

receptor-γ co-activator 1) (Hsieh et al. 2006). PGC-1 induces mitochondrial DNA 

encoded genes responsible for mitochondrial ATP production, leading to 

improved cardiac function. As proof of concept, co-administration of an ER 

antagonist besides Flu abolished all the above mentioned protective effects, 

leading to the conclusion that Flu exhibits its beneficial influence via an 

estrogen-dependent pathway (Hsieh et al. 2006). Analysis of intestinal and 

hepatic injury after trauma-hemorrhage confirmed this hypothesis, since the 

Flu-induced increase of intestinal ER levels, enhanced expression of 

hemeoxygenase-1, intercellular adhesion molecule-1 and induced neutrophil 

chemotractants and restored activity of myeloperoxidase were all prevented in 

the presence of an ER inhibitor (Yu et al. 2006, Shimizu et al. 2007). 

Even though studies in a model of trauma-hemorrhage may indicate alterations 

in sepsis, interestingly, one study inducing sepsis by CLP after trauma-

hemorrhage and resuscitation revealed a notably higher survival rate of Flu 

treated male mice (Angele et al. 1997). In addition, the improvement of 

immune function could be confirmed because of restored splenocyte 

proliferation, enhanced release of IL-2, splenic macrophages IL-1 release and 

improved splenic IL-6 release. 

The current data suggested that the antiandrogen Flu improves male rodent 

response to trauma-hemorrhage mainly through an ER-dependent pathway, 

and benefits male rodent sepsis survival by restoring immune functions. 

However, the role of the AR was not addressed. 
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2 Objectives  

Sepsis is defined as an inaprropriate systemic whole body host response and a 

major burden in health care (Reinhart et al. 2010).  

In this thesis the mechanism of sexual dimorphism was addressed to improve 

male sepsis survival by altering the influence of androgen receptor activity in 

sepsis, since pre-castration or Flu treatment ameliorated male mice survival in 

the rodent CLP model. The hypothesis was that addressing specifically the AR 

and ER will influence sepsis outcome. 

The positive influence of Flu on trauma-hemorrhage has been linked to its 

estrogenic action, however a combinational treatment of Flu plus androgens to 

restore AR function and to elucidate the AR influence had not yet been 

investigated to our knowledge. In addition Flu had yet only been used once in 

the rodent CLP model and the potentialities of other antiandrogens were not 

yet investigated.  

Here novel AR antagonists were characterized to be used for treatment and 

analysis of septic mice. To clarify the impact of AR on sepsis outcome synthetic, 

natural and clinically used antiandrogens with distinct activation modes and 

profiles were compared for sepsis survival in the polymicrobial PCI model. 

Investigations of their influence on hematological parameters, the immune 

response and organ failure should elucidate beneficial alterations of 

antiandrogens following sepsis. 
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3 Materials and methods  

3.1 Hormones and chemicals 

Dihydrotestosterone (DHT), progesterone, dexamethasone, 17β-estradiol (E2) 

and flutamide (Flu) were obtained from Sigma-Aldrich (Taufkirchen, Germany), 

Methyltrienolone (R1881), mibolerone and 3(H)-mibolerone from Perkin Elmer 

(Waltham, USA). Hydroxyflutamide (OH-Flu) was obtained from Schering 

(Berlin, Germany), methyl anthranilate form CarlRoth (Karlsruhe, Germany) and 

Biclutamide (Bic) form Interpharma (Prague, Czech Republic). 

For in vitro experiments all compounds were dissolved in dimethylsulfoxide 

(DMSO) or ethanol (EtOH) both from CarlRoth (Karlsruhe, Germany). The final 

concentration of DMSO or EtOH in the culturing medium never exceeded 0.2 %. 

Control incubations (without test compounds) were performed with the 

appropriate volume of DMSO or EtOH.  

R-compounds 1-21 were kindly provided by Dr. Thomas Rösler from the 

Institute for Pharmaceutical Chemistry, Philipps-University Marburg, Germany. 

For in vivo experiments R5 was obtained from Chemos (Regenstauf, Germany) 

For in vivo experiments compounds were injected as homogenous suspensions 

in 0.9% NaCl (Fresenius Bad Homburg, Germany) supplemented with 0.5% 

polysorbat 80 (Tween 80) (Sigma-Aldrich Taufkirchen, Germany) in deionized 

sterile water. Solvent 0.9% NaCl supplemented with 0.5% Tween 80 was 

applied as control in male and female mice. 

3.2 Plasmids 

The androgen-responsive pMMTV-luc plasmid, which contains a luciferase (luc) 

reporter driven by the mouse mammary tumor virus long terminal repeats is 

described by Gast et al. (Gast et al. 1998). The pCMV-lacZ plasmid expressing 

-galactosidase under control of the cytomegalovirus promoter, which was 

employed as internal control in reporter gene assays, the AR wt and the AR-

T877A expression vectors are described by Moehren et al. (Moehren et al. 

2008). Vectors for GR-α (pRSV-hGR-α), PR-B (pSG5-hPR-1), ER-α 

(pCDNA3-hER-α), ER-β (pDNA3-hER-β), the estrogen responsive promoter 
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vector p3ERE-TATA-luc and the pGFP-hAR wt vector are described by 

Papaioannou et al. (Papaioannou et al. 2009). The ARΔLBD plasmid 

(pSG5-hARΔLBD) is described by Dotzlaw et al. (Dotzlaw et al. 2002). 

3.3 Cell culture 

African green monkey kidney CV-1 cells and the CV-1 immortalized cell line 

COS-7, which both lack endogenous expression of steroid hormone receptors, 

were cultured in Dulbecco's modified Eagle's medium (DMEM) (41966-029, Life 

Technologies, Darmstadt, Germany) supplemented with 5 % heat inactivated 

fetal calf serum (FCS; Invitrogen, Darmstadt, Germany), penicillin (100 U/ml), 

streptomycin (100 µg/ml) and 25 mM HEPES (pH 7.5-7.8). The human cervical 

carcinoma derived and immortalized HeLa cells were cultured in the same 

medium as CV-1 and COS-7 cells. 

The androgen-dependent human prostate cancer cell line LNCaP-tet 

(Protopopov et al. 2002) was cultured in Roswell Park Memorial Institute 

(RPMI1640) (11835-063, Life Technologies, Darmstadt, Germany) 

supplemented with 10 % FCS, and 1 % sodium pyruvate.  

3.4 Reporter gene assays 

Transfection of CV-1 cells was performed using a modified CaPO4 method 

(Wigler et al. 1978). For transfection 105 cells per well were seeded on 6-well 

cell culture dishes using DMEM supplemented with 5% charcoal stripped FCS 

(Dotzlaw et al. 2003). For ER studies, CV-1 cells were cultured and seeded in 

phenolred-free DMEM. Experiments were prepared as doublet. Four to six hours 

later cells were transfected with 1 µg reporter construct or 2 µg for ER reporter 

construct, 0.2 µg receptor expression plasmid and 0.2 µg pCMV-lacZ for internal 

normalization (Moehren et al. 2008). Media was removed after 16 to 20 h, and 

cells were washed with 1x PBS. Fresh medium was added containing the 

respective substances. Cells were harvested 72 h after hormone treatment. Luc 

activity and -galactosidase activity were assayed. The latter one being used for 

normalization of the luc activity (Gerlach et al. 2011). Inhibitions more than 

50% compared to transactivation control were considered as biological 
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meaningful, since only those significantly inhibit prostate cancer cell growth and 

endogenous gene expression. Experiments were repeated at least twice. 

3.5 Whole cell binding assays 

Competitive whole cell binding assays were performed as described by Tanner 

et al.  (Tanner et al. 2003) using pSG5-hAR transfected COS-7 cells incubated 

with labeled synthetic androgen 3(H)-mibolerone in the absence and presence 

of increasing concentrations of either unlabeled mibolerone or antiandrogens. 

The remaining radioactivity was measured with Tri-Carb 2810TR liquid 

scintillator (Perkin Elmer, Waltham, USA) and the respective software 

(QuantSmartTM Perkin Elmer, Waltham, USA). The -galactosidase activity was 

assayed using spectroscopy (Gerlach et al. 2011). Competition for binding was 

plotted as the percentage of 3(H)-mibolerone specifically bound to AR. Results 

are averages of triplicates (±SEM). The experiments were repeated three times. 

3.6 AR translocation analysis 

HeLa cells were seeded in DMEM supplemented with 5% charcoal stripped FCS 

on 10 cm culture plates to a confluence of 10%-20%. The next day cells were 

transiently transfected with 10 µg pGFP-hAR wt expression vector using the 

modified CaPO4 method (Gerlach et al. 2011). 16h-20h later medium was 

changed and cells were treated for 90 min with either DMSO or R5 plus 

additional 90 min with DMSO or R1881. As negative control a DMSO double 

treatment and as positive control a combination of DMSO and R1881 were 

employed. For specific translocation analysis cycloheximide (Santa Cruz 

Biotechnology,Texas, USA) as protein biosynthesis inhibitor was added to all 

dishes with beginning of the treatment. After the total incubation time (180 

min) unfixed cells were analyzed using a fluorescence microscope with a 

fluorescine isothiocyanate (FITC) filter for the cellular localization of the AR. The 

distribution types were classified into: 1) cytoplasm: the GFP-AR fusion protein 

is located in the cytoplasm; 2) cyto/nucl: the AR is located in the cytoplasm as 

well as in the nucleus as both structures clearly can be observed and 

differentiated; 3) nucleus: the GFP-AR protein is located in the nucleus. As 
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control cell morphology with the fluorescence overlay was documented. For 

each dish 100 cells were counted twice and classified for one of the three 

distribution types. The experiments were repeated three times. 

3.7 Quantitative reverse transcription PCR (qRT-PCR) 

LNCaP were seeded on 6-well cell culture dishes (2 x 105 cells per well) in the 

appropriate medium supplemented with 10 % charcoal stripped FCS. After two 

days of cultivation cells were treated with the indicated substances for 24 h. 

This time schedule was adapted to the experimental set up described by 

Moehren et al. (Moehren et al. 2008). Whole mRNA from liver obtained from 

necropsy experiments (see 3.10) was homogenized directly in TriFast and as 

described in 3.15.  

RNA was isolated from cells or livers using peqGOLD TriFastTM (Peqlab, 

Erlangen, Germany) according to manufacturer's instructions. A one-step 

protocol was employed for qRT-PCR using SuperScriptTM III Platinum® SYBR 

Green One-Step qRT-PCR Kit (invitrogen Carlsbad, USA) following 

manufacturer's instructions carried out with the aid of the CFX96TM Real Time 

PCR detection system (Bio-Rad, Munich, Germany). From whole cell mRNA 0.2 

µg per reaction was used and from liver 0.2 µg of pooled mRNA of each 

treatment group was used. Primers (Table 1) were applied from 10 µM stock 

solution. The annealing temperatures were adjusted. qRT-PCR results were 

analyzed via the Ct method (Pfaffl, 2001) using the CFX ManagerTM software 

from Bio-Rad (Munich, Germany). 
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Table 1: Primer sequences for indicated genes employed in qRT-PCR 

Gene Primer Sequence 5' → 3' 

human Actin fw 

rev 

CACCACACCTTCTACAATGAGC 

CACAGCCTGGATAGCAACG 

human FKBP5 fw 

rev 

GAGGAAACGCCGATGATTGGAGAC 

CATGCCTTGATGACTTGGCCTTTG 

human PSA fw 

rev 

GAGGCTGGGAGTGCGAGAAG 

TTGTTCCTGATGCAGTGGGC 

murine Hpx fw 

rev 

TCTTCCTACTGCCAACGGGA 

TCCATGGTCGCAGCATCAAA 

murine Actin fw 

rev 

AGAGGGAAATCGTGCGTGAC 

CAATAGTGATGACCTGGCCGT 

murine Hprt fw 

rev 

GGCCAGACTTTGTTGGATTT 

CAGATTCAACTTGCGCTCAT 

murine β2-M fw 

rev 

GCTATCCAGAAAACCCCTCAA 

CATGTCTCGATCCCAGTAGACGGT 

 

3.8 Cell growth assay 

LNCaP cells were seeded in the appropriate medium supplemented with 

5 %FCS on 24-well cell culture plates. 5000 cells were seeded per well. After 

three days the cells of five wells were trypsinized and counted using a 

Neubauer counting chamber and counting was set as day 0. The medium of the 

remaining wells was replaced by fresh medium containing DMSO, MA or 

indicated R-compound in the appropriate concentration. Three days, five days 

and eight days later remaining cells were counted again. Four wells were 

prepared per treatment and per each counting date. 
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3.9 Peritoneal contamination and infection (PCI) survival 
studies 

A modification of the PCI sepsis model was described by Gonnert et al. 

(Gonnert et al. 2011). C57BL/6 male and female mice aged 12 to 16 weeks 

were implied. For synchronization, female mice were set on male mice dung 

three days before sepsis induction to obtain pre-estrus cycle status. For 

induction of sepsis a 100% lethal dose (2 µl/g body weight) of a pre-adjusted 

(referred to male mouse survival) and microbiologically characterized human 

faeces batch was injected intraperitoneally. Treatment with the compounds AA, 

Flu, Bic, R5 and E2 of male mice or solvent (0.5% TWEEN80 in 0.9% NaCl) for 

female mice and male solvent control group at time points 0 h, 4 h, 8 h and 16 

h post PCI induction was performed subcutaneously. Compounds were solved in 

0.9% NaCl supplement with 0.5% TWEEN80, sonicated to obtain homogenous 

suspensions, aliquoted and stored at -20 °C. The compound administration 

served coevally as volume-resuscitation. After the last compound treatment, 

mice obtained fluid-resuscitation of 500 µl saline twice a day. Animals were 

observed at least every fourth hour and dead animals were removed of the 

cage and registered. Survivors were sacrificed 72 h post sepsis induction. The 

experiment was performed twice for each group with n=10 and survival data 

were accomplished to obtain n=20. Male solvent control was performed once 

n=10. Kaplan-Meyer survival curve and statistical analyses (Mantel-Cox test) 

were performed with GraphPad PRISM5 (GraphPad, La Jolla, USA). The etic 

committee approved the animal experiments. 

3.10 Necropsy post PCI 

For the general procedure of sepsis induction and treatment with candidate 

drugs see 3.9. The experiment was terminated 10 h post septic insult to assure 

collection of suitable samples of all animals (n=8 for each group). Mice were 

deeply anesthetized with isoflurane and sacrificed by heart puncture. Heart 

blood was collected into lithium-heparin cuvettes. Whole blood was used to 

perform hematological analysis (see 3.11). For plasma preparation samples 
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were stored at 4° C (< 10 min), centrifuged at 4700 x g for 10 min at 4 °C and 

plasma was aliquoted before freezing (-80°C) for several experiments.  

Organs (liver, kidneys, spleen and from males prostate and seminal vesicles) 

were dissected and snap frozen in liqid nitrogen for further experiments. 

Necropsy experiments were perfomed simultaneously for all group to assure 

comparability. 

The in vivo mouse studies were performed with the assistance of an 

experimental technician from the laboratory Prof. Bauer. 

3.11 Hematological analysis 

Whole blood form heart puncture was analyzed immediately after collection by 

automated veterinary hematology apparatus (Poch-100iv-Diff; Sysmex, 

Bornbarch, Germany). White blood cells (WBC), red blood cells (RBC), platelets 

and hematocrit (HCT) were measured by direct current (DC) detection with 

hydrodynamic focusing. Hemoglobin (Hb) was measured by non-cyanide 

photometry. The mean corpuscular volume (MCV) was calculated as: (HCT/total 

number of RCB) x 10. The mean corpuscular hemoglobin (MCH) was calculated 

as: (Hb/RBC) x 10. The Mean corpuscular hemoglobin concentration (MCHC) 

was calculated as (Hb/HCT) x 100. Statistical analyses (Man-Whitney U test) 

were performed with GraphPad PRISM5 (GraphPad, La Jolla, USA). 

3.12 Cytometric bead array for cytokine detection 

With a commercially available flow cytometric bead array (CBA) quantification 

of the cytokines IL-6, IL-10, IL-12p70, MCP-1, INF-γ and TNF-α was performed 

according to manufacturers protocol (mouse inflammation kit; BD Bioscience, 

Heidelberg, Germany). Cytokines were measured in plasma (see 3.10) and in 

protein lysates from liver (see 3.14). Detection was performed by fluorescence 

activated cell sorting with FACSCalibur (BD Bioscience, Heidelberg, Germany) 

and analyzed with an appropriate software (FCAP ArrayTM v1.0.1, BD Bioscience, 

Heidelberg, Germany). Statistical analyses (Man-Whitney U test) were 

performed with GraphPad PRISM5 (GraphPad, La Jolla, USA). 
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3.13 Clinical chemistry 

Organ failure parameters were measured with an automated clinical chemistry 

analyzer (Fuji Dri-Chem 3500i, Sysmex, Norderstedt, Germany). The respective 

detection slide for Creatinine (Cre), bilirubin (Bili), serum glutamic oxaloacetic 

transaminase/aspartate transaminase (GOT/AST) and lactate- dehydrogenase 

(LDH) were obtained from SCIL (Fuji Slides: Cre-PIII; Fuji Slides: Tbil-PIII; Fuji 

Slides: GOT/AST-PIII; Fuji Slides: LDH-PIII; SCIL, Viernheim, Germany). 

Statistical analyses (Man-Whitney U test) were performed with GraphPad 

PRISM5 (GraphPad, La Jolla, USA). 

3.14 Liver protein lysates 

From liver tissues obtained upon necropsy (see 3.10), sections (30 mg ≤ 

50 mg) were taken and placed in 400 µl of ice cold lysis buffer [50 mM Tris 

pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % TritonX-100, 1 mM Na3VO4, 1 mM NaF, 

2.5 mM NaP-P (NaP-P: 77.4 mM Na2HPO4, 22.6 mM NaH2PO4, pH 7.4)] freshly 

supplemented with 1x complete protease inhibitor cocktail (Roche, Penzberg, 

Germany) and 1 mM PMSF and frozen in liquid nitrogen. Samples were thawed 

on ice and an autoclaved 5 mm stainless steel bead was added to each tube. 

The recation tubes were placed in a Tissue Lyser (Qiagen Hilden, Germany) 

which homogenized the tissue for 3 min at 30 Hz. Samples were verified to 

ensure that there was no visible debris and the bead was removes with sterile 

forceps. The lysates were again frozen in liquid nitrogen. For reprocessing, the 

steel beads were kept in a 1% Tergazyme solution at RT for 30 min. 

Subsequent to a washing step with double deionized H2O, the beads were 

washed in 0.1 M NaOH in order to deactivate remaining proteases as well as 

RNases, followed by two washing steps with DEPC-H2O. The beads were 

autoclaved directly before the next usage. 

Liver extracts were analyzed for protein concentration using the PierceTM BCA 

Protein Assay Kit (Thermo Scientific, Waltham, USA) according to manufactures 

protocol and towards an albumin standard. Protein lysates were diluted in 

sterile deionized water as required. 
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3.15 Western blotting (WB) 

Liver protein extracts (50 µg per lane) were separated on SDS-PAGE and 

blotted onto a PVDF membrane (Roche, Penzberg, Germany). Blotted PVDF 

membranes were stored in and washed with TBS-T buffer (50 mM Tris pH 7.5, 

150 mM NaCl; 0.1 % Tween 20) Western blot analysis was performed by using 

the appropriate antibodies (Table 2) and the enhanced chemiluminescence 

detection method (GE Healthcare, München, Germany). Primary antibodies 

were incubated overnight (16 h) at 4 °C and secondary antibodies (Table 2) at 

room temperature for 30 min. Each incubation was followed by three washing 

steps with TBS-T for 5 min. The protein signals were detected by 

ImageQuantTM LAS 4000 (GE Healthcare, München, Germany). Band intensities 

were quantified via LabImage 1D software (Kapelan Bio Imaging solutions, 

Leipzig, Germany). Hereby, specific bands were defined as region of interest 

(ROI), background reduction was adjusted and band intensities were calculated 

by the program. The band intensity of the protein of interest was set relative to 

the loading control (-Actin or -Tubulin). 

 

Table 2: Antibodies applied in immunoblotting 

Antibody Host Company, Ref. no. Dilution Protein band-size 

anti--Actin mouse Abcam, ab6276 1:10,000 42 kDa 

anti-hemopexin rabbit Abcam, ab90947 1:5,000 52 kDa 

anti-rabbit IgG HPR* bovine Santa Cruz, sc-2370 1:10,000  

anti-mouse IgG HPR* goat Santa Cruz, sc-2005 1:10,000  

 

All antibodies were diluted in TBST-T (see 3.15). Secondary antibodies (*) are conjugated to horseradish 

peroxidase (HPR). 
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3.16 Microarrays 

To attest the integrity of the isolated total RNA of each animal based on the 

28S:18S rRNA ratio, a run with the capillary electrophoresis system QIAxcel 

RNA QC Kit v2.0 was performed. A volume of 1 μl denaturation buffer was 

mixed with 1 μl sample (around 200 ng/μl) and 1 μl of the standard. The mix 

was incubated at 70°C for 2 min to melt the secondary structures of the RNA, 

followed by cooling it on ice. The mix was diluted by 10 μl dilution buffer 

(containing an internal standard) and run in the QIAxcel. The ratio of the 28S 

and 18S RNA was calculated by the supplied software (Qiaxcel ScreenGel 1.1.0, 

Qiagen) indicating an integrity higher than average. The RNA was pooled for 

each group and 200 ng input RNA was prepared according to manufacturers 

protocol to obtain cRNA for chip hybridization using the TargetAmp™-Nano 

Labeling Kit for Illumina Expression BeadChip (Biozym, Hessisch Oldendorf, 

Germany). 

To remove disturbing enzymes and nucleotides, a clean-up step was executed 

using silica-based spin columns (Nucleospin RNA clean-up, Macherey-Nagel, 

Düren, Germany). The columns were eluted with 60 μl DEPC-H2O and the 

eluates were controlled via NanoDrop.  

The prepared cRNA was diluted to 150 ng/μl and a volume of 5 μl was 

transferred to new tubes followed by addition of 10 μl hybridization buffer. In 

case of lower concentrations than 150 ng/μl, the amount of 750 ng cRNA was 

pipetted in a tube, dried in a centrifugal evaporator and solved in 5 μl DEPC-

H2O. The samples were preheated at 65°C for 5 min, vortexed and centrifuged. 

After cooling down to RT, the total sample volume of 15 μl was applied on the 

BeadChip covering the whole mouse genome (MouseRef-8 v2.0 Expression 

BeadChip Kit, Illumina Munich Germany; for full gene list see manifest file: 

http://support.illumina.com/array/array_kits/mouseref8_v2_expression_beadchi

p_kit/downloads.ilmn).  

The dry BeadChip was placed in an iScan reader to determine the 

transcriptional intensity of the respective gene, measuring fluorescence 

intensity as a surrogate. The microarray analyses were performed under the 

guidance of Dr. Marcus Bläß. 

http://support.illumina.com/array/
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For statistical analysis data were pre-processed by a robust spline normalization 

(RSN) comprising quantile normalization and local regression (LOESS) methods. 

For quantile normalization, the signal intensities of the transcripts of each 

sample were ranked in order of their signal intensities and adjusted to yield 

equal distributions for each sample (e.g. the interquartile range (IQR), meaning 

the middle 50%, of the total transcript intensity values was defined similar in all 

samples). Signals were transformed to log2 values and the variance stabilized. 

The average signal intensities were plotted against the rank in order to perform 

a quality control.  

Normalized signals should differ from the background signals and noise. The 

Illumina chips comprise negative control probes and platform limits. This 

information is assembled in the detection p-value obtained from GenomeStudio 

(p<0.01 in at least one sample was used as a threshold to determine if a 

transcript on the array is "present"). In case the log2 transformed signals of an 

individual transcript were higher than the set threshold of approximately 6 on at 

least one chip, they were classified as different from the background.  

The pool of these transcripts was screened for differentially expressed genes 

(DEGs) by a one-way analysis of variance (ANOVA) comparing intra-group to 

inter-group differences (e.g., the differences for the treatment effects vs. the 

variances within the same treatments were opposed yielding one p-value for 

each transcript). The false discovery rate (for testing multiple genes) was 

controlled at 5% (padj<0.05) by applying the Benjamini-Hochberg procedure. 

Genes meeting this threshold were classified as DEGs and explored further 

using heatmaps and gene set enrichment analysis (GSEA).  

Candidate genes are displayed by posthoc-adjusted p-values <0.05 from 

Tukey’s honest significance difference test.  

For analysis the statistical software R including the lumi bioconductor package 

was used. The bioinformatic analysis of the microarray data was performed by 

Dr. Sandro Lindig. Inter-group comparing analysis of DEGs were performed 

with the help of Martin Voigt and for gene function assignment the UniProt 

gene data base was used. 
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4 Results  

Focusing at differences in sepsis survival led to a gender dimorphism in sepsis 

which is well-documented in rodent models and human juvenile septic patients 

(Raju and Chaudry 2008, Ghuman et al. 2013) as well as in adults (Schroder et 

al. 1998, Oberholzer et al. 2000). The observations revealed a better outcome 

for females, especially in presence of high physiological states of female sexual 

hormones, indicating an influence of sexual hormones on sepsis survival. 

In mouse studies the clinically used prostate cancer agent Flu, which is an AR 

inhibitor as well as an indirect ER activator, led to an improved sepsis survival 

of males (Wichmann et al. 1997). Since the beneficial survival was only referred 

to estrogenic effects the impact of the AR was not further investigated and is 

probably underestimated. Therefore the AR and its inhibition, as a potential 

important factor influencing sepsis response was claimed as main focus. The 

data were obtained by a combinational approach of in vitro analyses studying 

direct effects on intracellular receptor activation and elucidating outcome and 

severity in a murine model of polymicrobial sepsis. 

4.1 Inhibition of the AR by several R substances  

Beyond the clinically used prostate cancer therapeutics like Flu further natural 

and synthetic AR inhibitors were identified and thus potential novel drugs (Roell 

and Baniahmad 2011). One main compound of the ethanolic fruit extract from 

the plant Sabal serrulata, which is used in combinational therapy for benign 

prostate hyperplasia and prostate cancer treatment, is anthranilic acid (AnA). 

Several AnA derivatives were synthesized and described as antiandrogenic 

compounds (Roell et al. 2011). Since the inhibitory action of these AnA 

derivatives was lower compared to the natural antiandrogen AA isolated from 

the bark of Pygeum africanum (Papaioannou et al. 2009) further AnA 

derivatives, named R-substances, were synthesized and investigated in first 

step for their antiandrogenic potential, their receptor specificity and the 

molecular inhibitory mechanism of the AR. 
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4.1.1 The structure of AnA derivatives and their antiandrogenic 
potential  

In cooperation with the Pharmaceutical Institute of the University Marburg a 

battery of 21 AnA derivatives was synthesized using the antiandrogenic methyl 

ester (MA) of AnA as a structural lead. For these aims MA was alkylated at the 

methyl moiety, acylated at the amino moiety, substituted at the benzolic ring, 

isomerized or the benzolic ring was substituted by the isosteric thiophene or 

naphthalene (Figure 2). The synthesized derivatives were named R-substances 

and numbered from 1 to 21 (Figure 3) (list for nomenclature see appendix). 

 

 

Figure 2 Scheme of MA modulation for R-substance synthesis. MA serving as structural lead for 

the synthesis of the R-substances underwent several modulations. The benzolic ring was substituted 

(halogens, methoxy or trifluor methyl) or replaced by the isosteric thiopohene or naphthalene. The amino 

moiety was acetylated or cycled. On the methyl ester moiety alkylation or cyclization was performed and 

once isomerization was employed. 

The derivatives R1, R5 and R9 have additional halogen substituents on the 

benzolic ring at different positions, whereas R20 contains a haloalkyl moiety 

(trifluor methyl) and R21 furthermore an alkyl chain elongation. The substances 

R2, R3 and R6 underwent acylation at the amino moiety. To the benzolic ring of 

R4 two ether groups were added at the ortho and meta position. The 

compounds R8, R10, R14, R16, R17, R18 and R19 were changed at the alkyl 

moiety by elongation or substitution whereas compound R7 has an additional 

morpholine ring. The derivatives R11, R12, R13 and R15 were altered at the  
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Figure 3 Structural analogs of MA (R substances) modified after R. Roesler. MA, the methyl 

ester of AnA was taken as structural lead for the synthesis of 21 AnA derivatives (respectively MA 

structural analogs). MA was substituted on the benzolic ring by either ether moieties (4), halogens (1, 5, 

9), or a haloalkyl moiety (20 and 21), acylated or cycled at the amino moiety (2, 3, 6, 7 and 21) 

substituted or cycled on the methyl ester moiety (7, 8, 10, 14, 16, 17, 18 and 19). Replacement of the 

benolic ring was performed for 12 and 13 (isosteric thiophene) and 15 (naphthalene). 

benzolic ring. It was shown that even minimal changes in the structure of MA 

can lead to enhanced antiandrogenic compounds but also to a loss of AR 

inhibition (Roell et al. 2011). Thus, MA was chosen as structural lead for the R-

substance synthesis and each R-substance was investigated to inhibit the AR 

transactivation in the established reporter gene assay model in comparison to 

MA as AR-inhibitor (Roell et al. 2011). 
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For the experiment CV-1 cells were used not expressing endogenous functional 

steroidal hormone receptors. The cells were transfected with the expression 

vector for human AR wild type (wt) (pSG5-hAR), a luciferase reporter plasmid 

containing androgen response elements in the promoter (pMMTV-luc) and for 

normalization of transfection with a plasmid constitutively expressing β-

galactosidase (pCMV-lacZ). After transfection cells were treated with R- 

substances alone to investigated a potential androgenic effect (blue bars) or in 

combination with the synthetic AR agonist R1881 to analyze for their 

antiandrogenic potential (red bars) (Figure 4). As negative control the solvent 

DMSO (D) alone or in presence with R1881 was used and as positive control 

MA. The data suggest that none of the R-compounds 1 to 12 has an 

androgeniceffect compared to the negative control DMSO (D) but R1, R2, R3, 

R4, R5, R6, R9, R10 and R12 inhibit the AR transactivation and therefore are 

antiandrogens (Figure 4 A). Also none of the R-compounds 13 to 21 is an 

androgen but R15, R16, R20 and R21 exhibit antiandrogenic activity (Figure 

4 B). Cells treated with R17, R18 or R19 detached, maybe caused by unspecific 

toxic effects of the compounds towards the transfected cells (Figure 4 B). Even 

though R13 inhibits the AR transactivation about 50% compared to the DMSO 

(D) control (red bars) (Figure 4 B) this is not considered as biological 

meaningful, since only an inhibition stronger as 50% in reporter gene assays 

targets significantly prostate cancer cell growth inhibition and endogenous gene 

expression. 
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Figure 4 Several R-substances inhibit the AR-mediated transactivation. The 21 synthesized MA 

analogs (R-substances) were tested for their potential to inhibit the hormone activated human AR wt in a 

reporter gene–based system. CV1 cells lacking functional endogenous steroid hormone receptors were 

seeded in medium containing charcoal stripped FCS, transiently transfected with the expression vector for 

human AR wt and the androgen-responsive reporter MMTV-luciferase and subsequently treated with the 

R-compounds 1-21 (300 µM). They were tested in the absence (blue bars) and presence (red bars) of the 

synthetic androgen R1881 (30 pM). The solvent DMSO (D) was used as negative and the antiandrogen MA 

(300 µM) as positive control. The obtained luciferase values were normalized to the co-transfected internal 

control pCMV-lacZ indicated as normalized relative light units (RLU). Error bars indicate the deviation of 

the mean of two values. Inhibition stronger as 50% compared to the negative control DMSO (D) in the 

presence of androgen is considered as biologically meaningful. The experiments have been repeated at 

least twice. (A) The R-substances 1, 2, 3, 4, 5, 7, 9, 10, and 12 inhibit the AR transactivation in the 

presence of androgen (red bars). (B) The R-substances 15, 16, 20 and 21 inhibit the AR transactivation in 

the presence of androgen (red bars).  
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Since the used R compound concentration (300 µM) in Figure 4 was correlated 

to the MA concentration inhibiting the AR-mediated transactivation 

approximately 80%, further reporter gene assay with lower compound 

concentration were performed using only the antiandrogenic and not toxic R-

substances (Figure 5). Applying a 10 fold lower R-compound concentration (30 

µM) to the cells R3, R4, R15 and R16 lose their antiandrogenic activity whereas 

R1, R5, R9, R20 and R21 still inhibit the AR-mediated transactivation at least up 

to 75% compared to the DMSO (D) positive control (Figure 5 A). If using only 

10 µM of the compounds, R5 emerged as the most potent AR inhibitor of the R-

substance synthesis series. The substances R1, R9, R20 and R21 also 

decreased the AR-mediated transactivation but only to at least 40% and not 

like R5 to a level around 10%. All of these five R-compounds were structurally 

modified by additional halogen substituents on the benzolic ring and R21 

furthermore by elongation of the alkyl chain. Thus halogen substituents 

increase the antiandrogenic activity of the structural lead MA. 

Taken together modifying the antiandrogenic lead MA revealed novel and more 

potent antiandrogens with R5 being the most potent inhibitor of AR-mediated 

transactivation. 

Only the most potent AR inhibitors were used for further investigations and 

characterizations in their respective concentration (R1, R9, R20 and R21 30 µM; 

R5 10 µM). 
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Figure 5 The R-compounds inhibit the AR-mediated transactivation concentration dependent. 

For description of the test system see Figure 4. Error bars show deviation of the mean. (A) The R-

substances 1, 5, 9, 20 and 21 inhibit the AR-mediated transactivation at least to 75% by using a 

concentration of 30 µM in the presence of R1881 (red bars). The other fail to inhibit the AR activation and 

none substance is androgenic (blue bars). (B) R5 inhibits the AR-mediated transactivation. The 

concentration is 10 µM for each R-compound. None has an androgenic effect. 
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4.1.2 The R-compounds are AR specific  

The family of steroidal hormone receptors shares high homology (Evans 1988, 

Cornell and Nam 2009). It is very important for new drugs to be target specific 

to avoid side effects. Thus, possible alterations of the transactivation of the 

closely AR-related steroidal hormone receptors GRα and PR-B were 

investigated. For this propose CV-1 cells were transfected with either a human 

GRα (Figure 6 A) or a human PR-B (Figure 6 B) vector plasmid. As agonists the 

respective ligands dexamethasone for GRα and progesterone for PR-B were 

applied. Solvent DMSO (D) served as negative control and MA as positive 

control, known not to target GRα and PR-B.  

Neither the GRα nor the PR-B was affected by the R substances assuming that 

the used compounds are AR specific for their indicated concentrations. 

 

 

Figure 6 The R-substances are AR specific and do not affect the transactivation of Grαor PR-B. 

(A) The R-substances do not target the GRα. The R compounds 1, 9, 20, 21 (all 30 µM) and 5 (10 µM) 

were investigated for their influence on the GRα without agonist (blue bars) or activated by 

dexamethasone (1 nM) (red bars). The experimental set-up is described in Figure 4 with the modification 

of transfecting the pRSV-hGRα vector instead of the human AR wt. (B) The R-substances do not target the 

PR-B. The R-compounds 1, 9, 20, 21 (all 30 µM) and 5 (10 µM) were investigated for their influence on 

the PR-B without agonist (blue bars) or activated by progesterone (1 nM) (red bars).The experimental set-

up is described in Figure 4 with the modification of transfecting the pSG5-hPR1 vector instead of the 

human AR wt. Error bars show deviation of the mean. 
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4.1.3 The R-compounds inhibit both AR wt and the AR-T877A 
mutant in the presence of synthetic and natural 
androgens  

The AR is often mutated in prostatic disease especially in prostate cancer upon 

treatment leading amongst others to drug resistance (Chism et al. 2014). One 

frequently occurring mutation is the AR-T877A mutant, a point mutation in the 

ligand binding domain which consequently converts the prostate cancer drug 

Flu from an AR antagonist into an AR agonist (Veldscholte et al. 1992a). Thus 

this AR mutant was chosen to analyze whether the R-compounds inhibit the AR 

in a different manner compared to Flu. Moreover this AR point mutant is 

endogenously expressed in the androgen dependent prostate cancer cell line 

LNCaP, which is a test system for AR investigation in prostate cancer research 

also later employed in this work (Veldscholte et al. 1992b).  

After confirming the stronger AR wt transactivation inhibition of the R-

compounds compared to MA by using the same concentration of 30 µM (Figure 

7 A) a reporter gene assay with the same set up but transfection of the AR-

T877A mutant expression vector was performed (Figure 7 B). For both AR 

variants MA loses its inhibitory effect in the concentration of 30 µM (Roell et al. 

2011). The AR-T877A mutant transactivation is potently decreased by all R-

substances. Interestingly, R21 inhibits the mutant AR more effective than the 

AR wt whereas R5 is adverse effective (Figure 7 A and Figure 7 B red bars).  

Until now the synthetic androgen R1881 was chosen for AR activation mainly 

because of its higher stability and common use in cell culture systems 

compared to the natural agonist DHT. Hence it had to be clarified whether the 

R-compounds can also inhibit the DHT-activated AR. This is important since the 

AR conformational change is dependent on the bound ligand and alters possible 

subsequent antiandrogenic effects (Sack et al. 2001, Bohl et al. 2007). Figure 

7 C and Figure 7 D show an inhibition of both the AR wt (Figure 7 C) and the 

AR-T877A mutant (Figure 7 D) transactivation upon R-substance treatment in 

the presence of DHT (light red bars), which is very important for in vivo studies.  
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Figure 7 Selected R-compounds inhibit both the AR wt and the AR-T877A mutant in the 

presence of the synthetic agonist R1881 as well as in the presence of the natural androgen 

DHT. The decrease of AR-mediated transactivation by R-substances 1, 5, 9, 20 and 21 (30 µM) was 

investigated in the presence of the synthetic androgen R1881 (30 pM) or the natural agonist DHT (10 nM) 

with the test system described in Figure 4. As positive control and direct comparison of AR inhibiting 

potency MA (30 µM) is shown. (A) All R-substances inhibit the AR wt and are more potent compared to MA 

(B) All R-substances inhibit the AR-T877A and are more potent compared to MA. The system was modified 

by transfecting the pSG5-AR-T877A expression vector instead of the AR wt. (C) The AR wt transactivation 

is decreased by the R-compounds in the presence of the natural androgen DHT. (D) All R-substances 

inhibit the AR-T877A transactivation in the presence of the natural androgen DHT. The system was 

modified by transfecting the pSG5-AR-T877A expression vector instead of the AR wt. 

Again, R5 is the strongest AR wt inhibitor and R21 the strongest AR-T877A 

inhibitor, depicting the high influence of minor changes in both structures the 

antiandrogens (R-compounds) and the AR itself.  

Interestingly, in contrast to the clinically used AR antagonist Flu the novel 

synthesized R-substances inhibit besides the AR wt also the AR-T877A mutant. 

The mediated transactivation of both AR variants is furthermore decreased by 

the novel antiandrogens in the presence of the natural androgen DHT. 

To elucidate the interaction of the R-compounds with the AR, analyses on 

molecular levels were performed. 
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4.1.4 The AR ligand binding domain is crucial for the R-
compounds induced inhibition  

One possible pathway to inhibit the AR-mediated transactivation is to decrease 

the androgen binding by adding antiandrogens that compete for AR binding. 

The most probable binding site is the ligand binding domain (LBD) of the AR. 

Accordingly the role of the AR-LBD was investigated performing a reporter gene 

assay with an AR mutant lacking the LBD (ARΔLBD) (Figure 8 A). In this 

experiment three negative controls were implied: 1) solvent control DMSO (D) 

2) MA and 3) AA. Both, MA and AA, require the AR-LBD for AR inhibition 

(Papaioannou et al. 2009, Roell et al. 2011). As positive control flufenamic acid 

(FA) was applied as the subjacent AR inhibition mechanism of FA is AR protein 

destabilization and though the LBD is not required (Zhu et al. 1999, Feau et al. 

2009). Exemplarily for the R-compounds synthesis series R1, R5 and R9 were 

included in the set up. Neither MA nor one of the R-compounds target the 

ARΔLBD-mediated transactivation but FA decreases the transactivation in the 

absence (red bars) and in the presence of androgens (blue bars) (Figure 8A), 

suggesting a distinct AR inhibition mechanism of the R-substances than that of 

FA. 

The result that the AR-LBD is crucial for the mode of inhibition is consequently 

followed by the hypothesis that the R-substances bind to the AR-LBD. 

Therefore whole cell binding assays were performed with COS-7 cells (SV40 

transformed CV-1 cells). The cells were treated with labeled ligand (3(H)-

mibolerone) and increasing concentrations of native ligand (mibolerone) as 

control or in addition to the 3(H)-mibolerone treatment with increasing 

concentrations of antiandrogens. The unlabeled substances compete with the 

radioactive labeled mibolerone for AR binding and replace according to their 

binding affinity the labeled mibolerone if AR targeting occurs. After washing the 

remaining radioactivity is measured as a surrogate for competitive binding, 

normalized to an internal transfection control and illustrated as % specific 

binding (Figure 8 B). Beside the expected sigmoidal curve for mibolerone 

competition and the MA binding an obvious competition for AR binding of the R-

compounds is evident (Figure 8 B). Although R5 and R21 share the same % 
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specific binding at a concentration of 10-4 M their curve progress is diverging, 

assuming different binding affinities for the AR.  

Summarizing the first step of the AR-inhibitory mode of action for the R-

substances could be determined as binding of the R-substances to the AR, 

possibly at the LBD, although they are structurally very different to steroids and 

the clinically used AR antagonists. 

 

Figure 8 The R-compounds depend on the LBD for AR inhibition and compete for AR binding. 

(A) The R-compounds 1, 9 (30 µM) and 5 (10 µM) do not alter the ARΔLBD-mediated transactivation. The 

role of the AR-LBD was investigated with an experimental set up described in Figure 4 with the 

modification of pSG5-ARΔLBD expression vector transfection. As negative controls solvent (D), MA (300 

µM) and AA (10 µM) served. As positive control FA (300 µM) was included. (B) The R-substances compete 

for AR binding. Competitive whole cell binding assay was performed using pSG5-hAR transfected COS-7 

cells incubated with 1 nM of the labeled synthetic androgen 3(H)-mibolerone in the absence and presence 

of increasing concentrations of either unlabeled mibolerone (black diamonds) or indicated antiandrogens 

for 90 min. Competition for binding is illustrated as the percentage of 3(H)-mibolerone specifically bound 

to AR. Results are averages of triplicates (±SEM). The experiments were repeated at least three times. 
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4.1.5 The R-compound 5 inhibits AR activity by deceleration of 
nuclear AR translocation  

A briefly following event after AR ligand binding-induced conformational change 

is its translocation into the nucleus. The clinically used prostate cancer drug 

bicalutamide (Bic) does not inhibit this nuclear translocation after binding 

(Marcelli et al. 2006) in contrast to the natural antiandrogen AA, that 

decelerates the nuclear translocation (Papaioannou et al. 2009). Alterations of 

the cytosolic-nuclear shuttling may accordingly disturb the AR-mediated 

transactivation. To examine the nuclear translocation GFP-AR wt transfected 

HeLa cells were primarily treated with the solvent DMSO or the R compound 5 

and secondly either with DMSO or R1881. For each indicated treatment 

combination the location status of 100 cells was determined with fluorescence 

microscopy (twice counted for each well). The upper pictures of Figure 9 

indicate the different observed GFP-AR distribution patterns with the respective 

light microscopy overlay.  

Distribution patterns were classified as followed: 

cytoplasm: AR is located in the cytoplasm (left picture and light green bars) 

cyto/nucl: AR is located in the cytoplasm as well as in the nucleus as both 

structures can be clearly observed and differentiated (middle picture and green 

bars) 

nucleus: AR is located in the nucleus (right picture and red bars). 

The DMSO-DMSO control treatment shows the expected AR distribution in the 

absence of androgens, mostly in the cytoplasm (Figure 9). In the presence of 

the androgen R1881 the AR underwent a nearly complete nuclear translocation 

(positive control). Since the synthetic steroid R1881 is quite hydrophobic and 

thus rapidly crosses the cell membrane HeLa cells were primarily treated with 

the R-compound 5 to ensure the cellular availability of the non-steroidal 

substance before androgen addition. R5 decelerates the ligand-induced nuclear 

AR translocation (treatment 5 + R1881) because R5 alone also induces a slower 

nuclear AR-shuttling (treatment 5 + DMSO) compared to the R1881 induced 

(treatment DMSO + R1881) (Figure 9). 
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Figure 9 The R-compound 5 decelerates the AR translocation into the nucleus. HeLa cells 

transiently transfected with the pGFP-hAR wt expression vector were treated for 90 min with either DMSO 

(solvent) or R5 (30 µM) plus additional 90 min with DMSO or R1881 (100 pM).As negative control a DMSO 

double treatment and as positive control a combination of DMSO and R1881 are indicated. For specific 

translocation analysis cycloheximide (50 µg/ml) as protein biosynthesis inhibitor was added to all plates 

with beginning of the treatment. After the total incubation time (180 min) unfixed cells were analyzed 

using a fluorescence microscope with a fluorescine isothiocyanate (FITC) filter for their AR translocation 

status. Three different distribution types could be observed: 1) cytoplasm: the GFP-AR fusion protein is 

located in the cytoplasm (left picture and light green bars); 2) cyto/nucl: the AR is located in the 

cytoplasm as well as in the nucleus as both structures clearly can be observed and differentiated (middle 

picture and green bars); 3) nucleus: the GFP-AR protein is located in the nucleus (right picture and red 

bars). As control cell morphology with the fluorescence overlay is shown. For each plate, twice 100 cells 

were counted and classified for one of the three distribution types. Errors bars indicate the deviation of 

the mean of two counts. The experiment was repeated three times. 

This results leads to the question whether the alteration of the AR nuclear 

translocation does also influence the expression of AR target genes and 

androgen dependent cell growth. 
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4.1.6 Expression of androgen-regulated genes and prostate 
cancer cell growth is inhibited by the R-compounds  

The AR as a transcription factor regulates a multitude of genes by activating or 

repressing gene expression (Grosse et al. 2012). This transcriptional regulation 

is connected and mediated by diverse pathway regulations leading to responses 

such as cell growth (Takayama and Inoue 2013). With qRT-PCR of the mRNA 

obtained from the androgen-dependent prostate cell line LNCaP the expression 

rates of the androgen-regulated genes FKBP5 and prostate specific antigen 

(PSA) were investigated (Figure 10 A and B). FKBP5 (FK 506 binding protein 5) 

is an immunophilin protein, involved in protein folding and trafficking (Cioffi et 

al. 2011). The serine protease PSA is secreted by the epithelial cells of the 

prostate gland and regulates the viscosity of the ejaculate (Thorek et al. 2013). 

The data suggest that the gene expression of both endogenous AR targets is 

barely effected by the compounds in the absence of AR agonist (blue bars) and 

were decreased in the presence of R1881 (red bars) compared to the solvent 

control DMSO (D) (Figure 10 A and B). 

A very important evidence for the in vivo activity of antiandrogens is the 

inhibition of androgen-dependent cell growth. The androgen-dependent 

growing LNCaP cell line is an established test system to address this property. 

Cells were growing in the presence of natural levels of androgens (medium 

containing 5% FCS, treated with the indicated R-compound or DMSO (D) as 

negative control or MA as positive control. The cell number was counted at days 

0, 3, 5 and 7. The data indicate that all R-substances decrease the prostate 

cancer cell growth at whereas R5 appears as the strongest growth inhibitor 

despite the fact that it was applied at a three times lower concentration 

compared to the other R-compounds (Figure 10 C). 

Altogether an influence of the R-substances on the molecular level by inhibiting 

AR-target gene expression and prostate cancer cell growth can be concluded. 
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Figure 10 The R-compounds inhibit the expression of AR target genes and prostate cancer 

cell growth. The androgen dependent prostate cancer cell line LNCaP was used for investigation of 

endogenous AR target genes and cell growth. (A) Inhibition of FKBP5 gene transcription by R-compounds 

in the absence (blue bars) and presence of R1881 (100 pM) (red bars). Cells were grown in charcoal 

stripped medium and treated with MA (300 µM) as positive control or R-compounds 1, 9, 20, 21 (all 30 

µM) and 5 (10 µM). As negative control solvent DMSO (D) was used solely. Whole cell mRNA was obtained 

by phenolic extraction and quantitative RT-PCR was performed. Indicated is the fold FKBP5 mRNA 

transcription activation where the mRNA expression of the negative control in the absence of hormone 

(blue bar of D) was set as one. β-actin mRNA levels were taken for normalization. Error bars indicate the 

deviation of the mean of two qRT- PCR set ups. The experiment was done twice for two mRNA isolations. 

(B) Inhibition of the prostate specific antigen (PSA) gene transcription by R-compounds. For detailed 

experimental set-up see A. (C) The R-compounds decrease prostate cancer cell growth. Equal numbers of 

LNCaP cells seeded in medium containing 5% FCS were treated for 7 days with the indicated R-compound 

(1, 9, 20 in a concentration of 30 µM and 5 10 µM). DMSO (D) treatment is shown as solvent control and 

MA (300 µM) as positive control. Number of cells was counted at day 0 (starting point of treatment), 3, 5 

and 7. Error bars indicate the deviation of the mean of four wells. Experiments were repeated at least 

twice.  
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In summary the investigation of the series of R-substances resulted in the 

identification of several novel antiandrogens with enhanced antiandrogenic 

potential compared to the activity of the used chemical lead MA (Figure 4). The 

R-compound 5 appeared to be the most potent AR wt inhibitor (Figure 5). 

Furthermore the data suggest that all R-compounds are AR specific (Figure 6) 

and target the often occurring AR-T877A mutant (Figure 7) by inhibiting the AR 

via competitive binding, most likely through the AR-LBD (Figure 8) and 

following alteration of the nuclear translocation (Figure 9) accompanied with 

target gene expression alteration (Figure 10 A and B) resulting in cell growth 

inhibition (Figure 10 C). 

Being the most promising MA derivative of the synthesis row, R-compound 5 

(henceforward indicated as R5) was chosen for the in vivo mouse studies of 

sepsis outcome as novel antiandrogenic synthetic derivative. 

4.2 Antiandrogens are beneficial for male sepsis outcome  

Epidemiological analyses and clinical studies revealed that women tolerate 

trauma-hemorrhage and sepsis better than males (Angele et al. 2006, Raju and 

Chaudry 2008). As an underlying cause of the unfavorable course of the sepsis 

continuum in males, it was assumed that estrogens on the one hand have 

immune-protective properties and that on the other hand androgens suppress 

the immune and cardiovascular response (Remmers et al. 1998, Angele et al. 

2014). In line with this blockage of AR-triggered signaling either by castration 

of male rats or the administration of the clinically used AR antagonist Flu 

increased the survival rate in sepsis (Angele et al. 1997, Remmers et al. 1998).  

Since the antiandrogen Flu was beneficial for male sepsis outcome further AR 

antagonists were investigated and compared in vivo for their impact on sepsis 

survival as well as on their impact on immunological response and organ 

function. Implied were the therapeutic active AR antagonist bicalutamide (Bic) 

as well as the novel natural antiandrogen AA and the here characterized novel 

synthetic antiandrogen R5. The chemical structures of AA and R5 exhibit 

structural similarity whereas Flu and Bic are more diverse (Table 3). The four 

AR antagonists have all in common their non-steroidal composition and the 
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benzolic rings, beyond they vary in substituents (e.g. halogens and methyl 

groups) and functional moieties (e.g. ester and amide). This diversity on the 

structural level certainly impacts their molecular action pattern.  

Table 3 Chemical structures of the non-steroidal antiandrogens.  

 

4.2.1 The antiandrogens exhibit distinct ER targeting  

Notably, besides its antiandrogenic effect Flu additionally activates the ER via 

activating the aromatase leading to conversion of testosterone into 17β-

estrogen (E2) (Hildebrand et al. 2006). Several animal studies related the 

restored cardiac function, the prevention of intestinal damage, decreased 

cytokine production and hepatic injury to the indirect ER activation of Flu as the 

co-treatment with an ER antagonist abolished the protective functions (Hsieh et 

al. 2006, Yu et al. 2006, Shimizu et al. 2007). However a combinational 

treatment of Flu plus androgens to restore AR function and to elucidate the AR 

influence had never been investigated to our knowledge. 

To gain further insights into the signaling pattern of the non-steroidal 

antiandrogens the ER-mediated transactivation was examined for both ER 

isoforms. Focusing on the ER-activation, as this led to increased sepsis survival 

interestingly the novel antiandrogens activated both, the ERα and the ERβ in 

the absence of hormones (Figure 11). The data suggest that AA is the better ER 
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activator compared to R5. AA increases the ERβ activation (Figure 11 A) to a 

higher extend in comparison to its ERα activation (Figure 11B). As expected, Bic 

did not target either of the ER isoforms indicating its AR specificity. The indirect 

estrogenic activity of Flu has formerly been proven based on aromatase 

activation. However it is possible that CV-1 cells fail to express functional active 

aromatase or the cells may not convert Flu into its metabolically active form 

hydroxyflutamide (OH-Flu) (Goldspiel and Kohler 1990). For this reason 

supplementary OH-Flu treatment had been included. Neither Flu nor OH-Flu 

treatment resulted in ERα activation (Figure 11 A) and only OH-Flu slightly 

enhanced ERβ activity (Figure 11 B), suggesting that CV-1 cells do not show the 

estrogenic potential of Flu or OH-Flu. 

Altogether the four antiandrogens which are used in the following in vivo 

mouse studies display diverse ER-targeting with the following activities: 

Bic: as pure AR antagonist 

Flu: as AR antagonist and indirect ER activator through aromatase activation 

R5: as AR antagonist and as potent ER activator 

AA: as AR antagonist and as very potent ER activator 

 

 

Figure 11 AA and R5 activate the ER-mediated transactivation. General reporter gene assay was 

set up as described in Figure 4 despite CV-1 cells were seeded in medium without phenol red and 

transfected with the respective ER vector (pCDNA3-hERα or pCDNA3-hERβ) plus the ER-responsive 

reporter p3ERE-TATA-luc. Solvent (EtOH) is shown as negative control and 17β-estradiol (E2) as activation 

control. Indicated is the fold induction referred to solvent control set as 1. (A) AA and R5 are ERα 

activators. (B) AA and R5 are ERβ activators. Hydroxyflutamide (OH-Flu) weakly enhances the ERβ-

mediated transactivation.  
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4.2.2 AA and Flu are beneficial towards male sepsis survival  

For preparing the mouse studies the antiandrogens and E2 had to be solved in a 

physiologically applicable form and concentration. Concerning the compound 

concentrations literature search was done and concentrations were adapted. An 

overview of the applied compound amounts is shown in Table 4. For AA the 

same concentration as used in Xenograft studies for prostate cancer was 

chosen (Bartsch 2014) and the same application amount in mg/kg was used for 

R5, since they have a similar activity potential in cell culture. The concentration 

of the Flu control was linked to the survival studies in the sepsis mouse model 

of CLP (Sheth et al. 2011) and the same was done for E2 (Sener et al. 2005). 

Since Bic never had been used before in sepsis studies the concentration had 

been adapted to mouse prostate cancer investigations (Sirotnak et al. 2002). As 

solvent 0.9% NaCl solution supplement with 0.5% of TWEEN80 was used. This 

solution also has the effect of liquid compensation for the mice, since septic 

mice are unable to drink and dehydration should be avoided. All compounds 

could not be solved completely in the 0.9%NaCl supplement with 

0.5%TWEEN80 even not by sonication, hence they were used as suspensions, 

which were pre-examined in cell culture for their activity potential (Figure 12). 

Table 4 Concentrations of the compounds for in vivo studies. 

 

Concentrations for the compounds are indicated as mg/kg mouse (middle column) and in µM referred to 

20 g mouse weight. 
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Figure 12 The physiological compound suspensions retain their receptor targeting. (A) All 

antiandrogen suspensions for following mouse studies inhibit the AR-mediated transactivation in the 

presence of DHT. For detailed experiment description see Figure 4. Suspensions were applied in the 

following concentrations: AA 509 µM, R5 321 µM, Bic 116 µM and Flu 90 µM. As negative controls no 

treatment and solvent (0.5% TWEEN80 in 0.9%NaCl solution indicated as sol) were included and as 

general inhibition control Bic control (1µM) solved in DMSO. DHT (10 nM) served as AR activation ligand. 

(B) The estradiol suspension (E2 blue bars) activates both ER isoforms. For detailed experiment description 

see Figure 11. As negative controls no treatment and solvent (0.5% tWEEN80 in 0.9%NaCl solution 

indicated as sol) were included for both ER isoforms. 17-β-estradiol (E2 red bars) in a concentration of 2 

nM served as ER activation ligand. 
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The data indicate that all antiandrogen suspensions inhibit the AR-mediated 

transactivation in reporter gene assays in the presence of the natural androgen 

DHT (Figure 12 A red bars). As negative controls no treatment and solvent 

(0.5% TWEEN80 in 0.9%NaCl solution) were included and as positive control 

Bic (1µM). It is known that high concentrations of Bic activate the AR to a 

certain extend (Berrevoets et al. 1993) and the antiandrogen then can be 

described as partial antagonist (Figure 12 A blue bars for both Bic). The E2 

suspension activates both ER isoforms (Figure 12 B blue bars) and therefore 

retains the estrogenic effect. 

Given that all compound suspensions retain their antiandrogenic or estrogenic 

potential in the respective concentrations they were applied for the sepsis in 

vivo studies using the established rodent heterologous PCI (peritoneal 

contamination and infection) model (Gonnert et al. 2011). Three days prior 

infection female mice were sat on male mice dung to trigger the mice into the 

pre-estrus cycle phase. For the survival studies mice obtained a 100% lethal 

intraperitoneal dose of a previously adjusted human faeces batch and were 

observed at least every fourth hour until death up to 72 h. At time points 0 h, 4 

h, 8 h, and 16 h post PCI induction physiological compound suspensions were 

injected subcutaneously. The applied suspension volume was adapted to the 

mouse body weight (approximately 300 µl-400 µl) and served coevally as 

volume-resuscitation. Onto compound application volume-resuscitation was 

replaced by subcutaneous injection of 500 µl 0.9 % NaCl twice a day to prevent 

massive dehydration. The monitored clinical severity score (numbered 1-4) 

served as indicator for illness while 1 is defined as healthy, 2 as low-grade 

symptoms, 3 as mid-grade symptoms and 4 as high-grade symptoms (Figure 

13) (Gonnert et al. 2011). The clinical severity score for one experiment is 

exemplarily shown in Figure 13. Already 10 h after sepsis induction all animals 

exhibited low-grade to mid-grade sickness symptoms e. g. conjunctivitis, dull 

and distant fur (pictures right to Figure 13) and impaired coordination. 
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Figure 13 Observation of illness by determining the clinical severity score exhibits low- to 

mid-grade disease symptoms. Clinical severity score was observed at least every fourth hour post PCI 

induction by two experienced independent investigators blinded. It reflects the grade of illness (1 = no 

signs of illness; 2 = low-grade; 3 = mid-grade; 4 = high grade). As examples for symptoms conjunctivitis 

and the dull and distant fur are pictured. Shown is the mean value of n=8 animals for each column at time 

points 4 h, 8 h and 10 h post sepsis insult with the SEM.  

According to the observation that all animals show symptoms of infection, the 

result that 80 % of the pre-estrus female mice survived the 100% lethal dose 

(adapted to male mice survival) clearly confirms the gender dimorphism in 

sepsis for the PCI mouse model, since the last male mouse died 28 h after 

infection (Figure 14 red curve compared to dark blue curve). In addition the 

administration of Flu led to a 30% survival rate of male mice in the PCI model 

according to the CLP studies (Figure 14 light green curve) (Angele et al. 1997). 

Most interestingly the natural antiandrogen AA (dark green curve) as well 

enhanced the male survival rate significantly compared to the male solvent 

group. However neither the AR-antagonists R5 nor E2 improved the male sepsis 

survival significantly and Bic had no measurable effect (Figure 14 R5 purple 

curve; Bic light blue curve; E2 pink curve). 

These results confirm on the one hand the gender difference and the beneficial 

role of Flu shown by CLP sepsis mouse studies in the used PCI sepsis model. 
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On the other hand they reveal AA as a novel beneficial compound to improve 

male sepsis survival.  

This strengthens the need of further in vivo mouse analysis for blood 

parameters, the inflammation status and organ dysfunction in an additional set 

up. Here, the same general procedure was chosen but the experiment was 

finalized 10 h post infection insult to achieve also samples of the poor surviving 

male groups (Figure 14 solvent and Bic). 

 

Figure 14 The antiandrogens AA and Flu are beneficial for male mouse sepsis survival. Female 

mice were set on male mice dung three days before sepsis induction to obtain pre-etrus cycle status. For 

induction of sepsis a 100% lethal doses (2 µl/g body weight) of a pre-adjusted (referred to male mouse 

survival) and microbiologically characterized human faeces batch was injected intraperitoneally. Treatment 

with the indicated compounds or solvent (0.5% TWEEN80 in 0.9% NaCl) for female mice and male solvent 

control group at time points 0 h, 4 h, 8 h and 16 h post PCI induction was performed. The compound 

administration served coevally as volume-resuscitation. For administered compound concentrations see 

Table 4. After compound treatment, mice obtained fluid-resuscitation of 500 µl saline twice a day. Animals 

were observed at least every fourth hour and dead animals were removed of the cage and registered. 

Survivors were sacrificed 72 h post sepsis induction. Kaplan-Meyer survival curve and statistical analyses 

(Mantel-Cox test) were performed with GraphPad PRISM5 and asterisks (*) indicate significant changes 

compared to male solvent control (dark blue) with a p value <0.05. The curves demonstrate a total animal 

number of n=20 (except for solvent group n=10) whereat experiment was performed twice for each 

group with n=10. Pre-estrus females (red curve) survive sepsis far better compared to males (dark blue 

curve) (p=0.0002). Beyond Flu treatment (light green curve) or AA treatment (dark green curve) lead to 

significant enhanced male sepsis survival compared to male solvent group (dark blue curve) (pFlu=0.0320; 

pAA=0.0214). The other compounds did not exhibit a significant beneficial influence on male sepsis survival 

in comparison to the male solvent control.  
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4.2.3 AA, Flu and R5 treatment results in fewer platelets  

Determination of cellular composition of blood is a standardized method to 

clarify clinical course e.g. high amount of white blood cells or a left shift caused 

by immature neutrophils is one of the SIRS (systemic inflammatory response 

syndrome) criteria employed to establish a diagnosis of sepsis in patients 

(Goyette et al. 2004). In septic patients commonly hematologic changes like 

anemia, leukocytosis and thrombocytopenia are diagnosed and used for 

severity assessment (Goyette et al. 2004). To get further insights in the effects 

to sepsis response by the antiandrogens, hematological parameters were 

analyzed for the mice in a novel experimental set up, similar to the survival 

experiments except that the end point was 10 h post PCI induction and 

therefore animals were administered three times (time points 0 h, 4 h and 8 h 

post PCI) with the respective compound suspension.  

The mice were anesthetized and sacrificed by heart blood sampling. The blood 

was collected in a Lithium-Heparin cuvette and either used for whole blood 

investigations by automated veterinary hematology apparatus (Poch-100iv-Diff; 

Sysmex) or processed to plasma samples. Changes in hematological parameters 

are shown in Figure 15. Measuring of white blood cells (WBC) exhibit an 

exceeding number in the blood of the male mice treated with Bic or R5 (Figure 

15 A light blue and purple box) indicating a more distinct innate immune 

response. The pre-estrus female mice show fewer red blood cells (RBC) as well 

as in accordance lower hemoglobin (Hb) value and lower hematocrit (HCT) 

compared to the male control group (Figure 15 B, C and D respective red box 

and dark blue box). This result reflects hematological investigations in healthy 

C57BL/6 mice, where male mice have more RBC and in consequence more Hb 

and also more HCT (Wirth-Dzieciolowska M et al. 2009). Calculating the mean 

corpuscular volume (MCV) reveals an increase for the E2 and R5 treated groups 

(Figure 15 E pink and purple boxes). The mean corpuscular hemoglobin (MCH) 

and the mean corpuscular hemoglobin concentration (MCHC) are significantly 

elevated in the female animals (Figure 15 F and G red boxes) besides the MCHC 

for the R5 group is decreased (Figure 15 G purple box). 
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Figure 15 Changes in hematological parameters. For general experimental set up see Figure 14. 

Experiment was ended 10 h post septic insult to assure collection of suitable samples of all animals (n=8 

for each group) (referred to as necropsy experiments). Mice were anesthetized with isoflurane and 

sacrificed by heart blood collection into lithium-heparin cuvettes. Whole blood was analyzed immediately 

by automated veterinary hematology apparatus (Poch-100iv-Diff; Sysmex). Data are given as box-plots, 

which show the medians and the first and third quartiles. Data analyses and statistical analyses (Mann-

Whitney U test) were done with GraphPad 5. Asterisks (*) indicate significant changes compared to male 

solvent control group with p value >0.05. (A) Bic and R5 treated male mice have less white blood cells 

(WBC) (pBic=0.0489; pR5=0.007). WBCs were measured by DC detection method and indicated as cell 

count per volume. (B) The blood of septic pre-estrus female mice contains less red blood cells (RBC) 

(pfemale=0.0139). RBCs were measured by DC detection method with hydrodynamic focusing and indicated 

as cell count per volume. (C) In accordance with Figure B less hemoglobin (Hb) was measured for the 

female group (pfemale=0.0317). Hb was measured by non-cyanide photometry and indicated as mass per 

volume. (D) Septic pre-estrus female mice have less hematocrit (HCT) (pfemale=0.01). HCT was measured 

by DC detection method with hydrodynamic focusing and indicated as percentage of RBC. (E) The Est and 

R5 treated mice exhibit a higher mean corpuscular volume (MCV) (pEst=0.0063; pR5=0.0375). MCV was 

calculated (HCT/total number of RCB)x10 and indicated in femto liter (fl). (F) The mean corpuscular 

hemoglobin (MCH) of pre-estrus female mice is higher compared to male solvent group (pfemale=0.0082). 

MCH was calculated (Hb/RBC)x10 and indicated in pico gram (pg). (G) The Mean corpuscular hemoglobin 

concentration (MCHC) of pre-estrus female mice is higher and thus of R5 treated male mice lower in 

comparison to the male control group (pfemale=0.0307; pR5=0.0207). MCHC was calculated (Hb/HCT)x100 

and indicated as mass per volume. (H) Fewer platelets in the blood of female mice as well as for mice 

treated with AA, Flu and R5 may lead to prevention of thrombosis while sepsis (pfemale=0.014; pAA=0.0401; 

pFlu=0.0117; pR5=0.0207). Platelets were measured by DC detection method with hydrodynamic focusing 

and indicated as cell count per volume. 
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Since sepsis alters the hemostatic function of platelets this is a sensitive 

parameter and a low platelet count in sepsis patients is predictive for a poor 

outcome (Akca et al. 2002, Yaguchi et al. 2004). Interestingly beside a lower 

platelet count in the female group compared to the male control group, which is 

coincident with platelet counts in healthy animals (Wirth-Dzieciolowska M et al. 

2009) also the AA, Flu and R5 treated animals have less platelets in the blood 

(Figure 15 H red, dark green, light green and purple box compared to dark blue 

box). Even though low platelet counts are associated with unfavorable sepsis 

outcome, high platelet quantity causing thrombocytosis can lead to thrombosis 

and thus resulting in e.g. stroke or myocardial infarct (Hart and Kanter 1990).  

Thus the result of lower platelet counts in female mice and mice treated either 

with AA, Flu or R5 may contribute to a beneficial sepsis response. 

4.2.4 Gender difference in plasma concentration of IL-12p70 
and a decrease after Flu or R5 administration  

In addition to hematologic parameters detectable cytokines circulating in the 

blood could refer to the beneficial mode of action of the antiandrogens, since 

cytokines play a major role in orchestrating the anti-infectious process. Cytokine 

release and production is early enhanced after sepsis insult and they are then 

detectable within the blood stream (Adib-Conquy and Cavaillon 2007). This is 

true for both pro- and anti-inflammatory cytokines and in both cases an 

excessive production is correlated with poor outcome (Cavaillon et al. 2003). 

Relating to the gender dimorphism, several clinical and experimental studies 

show gender differences of the immune responsiveness in sepsis and in 

addition androgens are immune-depressive and estrogens immune-protective 

after trauma-hemorrhage supporting estrogen-protective effects (Angele et al. 

2000).  

To obtain an insight of the cytokine levels of the septic mice plasma was 

investigated for prototypic mediators i.e. INF-γ, IL-6, IL-10, TNF-α, monocyte 

chemotactic protein-1 (MCP-1) and IL-12p70 (Figure 16). The IFN-γ 

concentrations did not differ significantly comparing the groups (Figure 16 A). 

However, the concentrations of IL-6, IL-10, TNF-α and MCP-1 were increased in 
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the R5 treated mice (purple boxes) compared to male control group (dark blue 

boxes) (Figure 16 B, C, D, E). IL-10 concentration is higher for the E2 

administered male mice (Figure 16 C pink box). Especially R5 seem to 

enhance the amount of pro-inflammatory cytokines like TNF-α, IFN-γ and IL-6, 

the chemokine MCP-1 as well as the anti-inflammatory IL-10. Thus R5 has an 

influence on those inflammatory parameters related to sepsis outcome 

prediction. Only the concentration of the measured heterodimeric IL-12p70 is 

lower in the female mice and Flu or R5 treated male mice (Figure 16 F red, 

light green and purple boxes). One main function of IL-12p70 is the induction 

of IFN-γ production from natural killer cells and T cells, which can´t be seen in 

the investigated septic mice, since the IFN-γ concentrations of all groups are 

quite equal (compare Figure 16 A and F). 

Summarizing the data the antiandrogen R5 enhances levels of several 

cytokines, whereas a gender dimorphism could only be observed for IL-12p70 

with less concentration in female mice. Additionally Flu and R5 decrease IL-

12p70 levels towards a concentration measured in the female mice. 
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Figure 16 The IL-12p70 concentration is decreased in female mice and in male mice treated 

with Flu or R5. Plasma from mice was obtained after heart puncture from the experimental set up 

described in Figure 15 10 h post PCI. Blood was collected in Lithium-Heparin cuvettes, stored at 4° C, 

centrifuged and plasma was aliquoted before freezing for several experiments. With a commercially 

available flow cytometric bead array (CBA) quantification of the indicated cytokines was performed 

according to manufacturers protocol (mouse inflammation kit; BD Bioscience, Heidelberg) and indicated as 

mass per volume. Statistical analyses were performed with GraphPad 5 and significant (p value <0.05) 

differences of MWU test refering to male solvent control group are indicated by asterisks (*) in the 

respective figure. Animal number for each group is n=8 except for the female group (n=7). (A) There is 

no diiference in the concentration of IFN-γ. (B) R5 administration enhances the IL-6 level (pR5=0.0281). 

(C) E2 or R5 administration enhances the IL-10 level (pE2=0.0086; pR5=0.0281). (D) R5 administration 

enhances the TNF-α level (pR5=0.0499). (E) R5 administration enhances the MCP-1 level (pR5=0.0499). (F) 

Pro-estrus female mice and male mice treated with Flu or R5 after sepsis insult exhibit lower IL-12p70 

levels compared to the solvent group (pfemale=0.0044; pFlu=0.0038; pR5=0.0267). 
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4.2.5 The E2 and R5 treated male mice exhibit increased liver 
injury parameters  

Beside the measurable disturbance of the immune system as host response to 

infection tissue function specific parameters may be monitored of development 

of organ failure. The cause of death after onset of sepsis is most often 

(multiple) organ dysfunction. Tissue damage in severe sepsis is characterized 

by appearance of cellular proteins in the blood e.g. lactate dehydrogenase 

(LDH), creatinine (Cre), serum glutamic oxaloacetic transaminase/aspartate 

transaminase (GOT/AST) and bilirubin (Bili) due to impaired integrity or 

function. This may occur in consequence of organ barrier failure (Deutschman 

and Tracey 2014).  

To detect organ failure parameter, concentrations of LDH, Cre, GOT/AST and 

Bili were quantified in the former obtained plasma samples with an automated 

clinical chemistry analyzer (Figure 17). LDH levels are enhanced in the plasma 

of Bic or R5 treated animals compared to solvent male control (Figure 17 A light 

blue and purple box compared to dark blue box). LDH is an allover or rather a 

non-specific organ failure parameter, since elevated levels are correlated for 

example with prancreatitis and dysfunction of liver (Mentula et al. 2005, Kotoh 

et al. 2008). Though elevation of the renal organ failure factor Cre could be 

detected, its concentrations do not differ across the treatment groups (Figure 

17 B) (Mehta et al. 2007). Both liver dysfunction parameters GOT/AST as well 

as Bili (Hawker 1991) that are correlated with a bad prognosis for patients are 

significantly higher in the plasma of Est and R5 administered septic animals 

(Figure 17 C and D respective pink and purple boxes compared to dark blue 

boxes).  

Howbeit no gender difference can be seen for the measured organ failure 

parameters, E2 and R5 seem to deteriorate liver function and since the liver is a 

crucial organ in the first line of host defense explicit hepatic investigations were 

performed (Seki et al. 2000). 
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Figure 17 Liver organ failure parameters are enhanced in E2 and R5 treated mice. Organ failure 

parameters were measured with an automated clinical chemistry analyzer (Fuji Dri-Chem 3500i, Sysmex) 

in the plasma obtained as described in Figure 16. Figure and statistical analyses were performed with 

GraphPad 5 and significant differences of MWU test (p value >0.05) refering to male solvent control group 

are indicated by asterisks (*) in the respective figure. Animal number for each group is n=8 except for the 

female group (n=7). (A) The non-specific organ dysfunction parameter lactate dehydrogenase is elevated 

in Bic and R5 (purple box) treated animals (pBic=0.0404; pR5=0.0039). Detection is indicated as units (U) 

per volume. (B) The plasma concentration of the renal failure parameter creatinine does not differ 

significantly across all experimental groups. (C) E2 and R5 administered animals exhibit higher levels of the 

liver organ failure parameter aspartate transaminase/serum glutamic oxaloacetic transaminase (pE2= 

0.0499; pR5=0.0208). Detection is indicated as units (U) per volume. (D) Bilirubin (liver organ failure 

parameter) concentrations are elevated in the E2 and R5 treated mice (pEst=0.0074; pR5=0.0074). 
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4.2.6 Cytokine levels in liver homogenates do not differ among 
the treatment groups  

In systemic inflammation the liver is an integral part of the host-defense 

mechanism by clearance of pathogenic organisms and modulation of the 

immune response (Srivastava and Gimson 2013). In general the liver plays a 

pivotal role in metabolic and immunological homeostasis why functional 

alterations e.g. activated through microbes, can acutely promote in an opposite 

manner and progress to multiple organ failure (Bauer et al. 2013). The hepatic 

circulatory changes during sepsis include a production and release of various 

cytokines that are important for infection defense but may contribute to liver 

and remote organ dysfunction (Srivastava and Gimson 2013).  

For evaluation of tissue bound cytokines a protein lysate of liver sections, 

obtained from the sacrificed mice 10 h after PCI induction, was analyzed using 

the above described CBA method. Only four of the possibly detectable cytokines 

could be measured because the concentrations of IFN-γ and IL-12p-70 in all 

samples were below the detection limit of the CBA method (<IFN-γ 20.77 

pg/ml; <IL-12p70 14.5 pg/ml). Even though IL-6, IL-10, TNF-α and MCP-1 

were measurable there is no significant difference in cytokine concentrations in 

liver among the mice groups for none (Figure 18). 

Reasoning no detectable distinct cytokine pattern in this experimental sepsis set 

up but an above described difference for the heme degradation product Bili in 

the liver (Figure 17 D) hemolysis pathway was further focused as a hypothetical 

point of action by the compounds.  
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Figure 18 The tissue bound cytokines IL-6, IL-10, TNF-α and MCP-1 are detectable in the liver 

of the septic mice but do not differ among the treatment groups. PCI set up was performed as 

described in Figure 15. When sacrificing the mice at time point 10 h post sepsis insult livers were 

dissected, directly shock frozen with liquid nitrogen and stored at -80°C. A required mass was later cut 

and placed in lysis buffer for protein extraction of each liver sample. Obtained liver protein lysate 

concentrations were measured with the BCA method and respectively diluted in H2O to 5 µg/µl 

concentration for CBA experiment. Figure and statistical analyses were performed with GraphPad 5 

applying MWU test referring to male solvent control group. Animal number for each group is n=8 except 

for the female group (n=7). 

 

4.2.7 Antiandrogens and E2 enhance hemopexin protein 

concentration in male septic mice towards pre-estrus 
female levels transcriptionally independent  

Immune-mediated inflammatory diseases can be associated with the 

accumulation of free heme in the circulation (Larsen et al. 2012). Though, 

pathophysiological conditions are associated with intravascular hemolysis. The 
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free heme acts as a potent cytotoxic pro-oxidant because of the iron atom 

causing free radicals and leading to oxidative stress, exerting pro- inflammatory 

effects and sensitizes non-hemapoetic cells like hepatocytes to undergo 

apoptosis (Larsen et al. 2012). Interestingly, the plasma cell-free heme 

concentrations in septic patients were higher in non-survivors compared to 

survivors and in general are elevated in sepsis patients in comparison to healthy 

probands or post-operative patients (Hartmann and de Groot 2013, Janz et al. 

2013). Moreover, prediction of sepsis survival was correlated with the heme 

scavenging protein hemopexin (Hpx) which shuttles heme after binding to the 

liver for degradation. High plasma Hpx concentrations in sepsis were related to 

beneficial survival as well as inversely correlated to severity of organ 

dysfunction (Larsen et al. 2010).  

To obtain insights in the Hpx levels of the mice the Hpx protein amounts and β-

actin as reference were detected in liver lysates for six animals of each 

treatment group by western blot analyses (Figure 19 A). The intensities of the 

detected western blot bands show already a diverse Hpx existence, confirmed 

by image quantification (Figure 19 B). An obvious gender dimorphism 

comparing the female Hpx intensity (red bar) with the male solvent control 

(dark blue bar) reflects higher Hpx levels in female liver. Furthermore 

antiandrogens (AA: dark green bar, Flu: light green bar and Bic: light blue bar) 

and E2 (pink bar) alter Hpx quantity towards the female level in male septic 

animals, an evident of protective function (Figure 19 B).  

The higher protein amounts may derive from enhanced gene expression. This 

hypothesis could be excluded since qRT-PCR experiments with isolated mRNA 

from mice liver tissue did not differ significantly among the treatment groups 

(Figure 19 C). 

Even though Hpx gene expression among the treatment groups was similar in 

this experiment, a shift in liver gene expression patterns due to sepsis in 

general is approved (Bauer et al. 2013). To investigate also potential 

differences in liver gene expression in consequence of compound treatment 

microarray studies with the isolated liver RNA were conducted. 
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Figure 19 Gender dimorphism of Hpx in liver and higher protein concentartions in male mice 

after antiandrogen or E2 treatment is transcriptionally independent. (A) Detection of 

hemopexin (Hpx) in protein lysates by western blot (WB) technique. Liver protein extracts were 

obtained as described in Figure 18. WB was conducted for Hpx and β-actin (respective bands indicated by 

arrow) for 6 animals of each treatment group (group and animal number inscribed above the lane) with 50 

µg protein loaded per slot. (B) Female septic mice exhibit higher Hpx, alike male mice treated with AA, 

Flu, Bic or E2 compared to male solvent control. Bands intensities were quantified by LabImage D1, Hpx 

expression was normalized to the respective β-actin control and intensities were merged for the particular 

group (inscribed as relative hemopexin intensity). Figure and statistical analyses were performed with 

GraphPad 5 and significant (p>0.05) differences of MWU test referring to male solvent control group are 

indicated by asterisks (*) in the respective figure (pfem=0.015; pAA=0.0022; pFlu=0.0152; pBic=0.0152; 

pEst=0.0087). (C) Hpx mRNA expression is similar in all mice groups. Whole mRNA was obtained of liver 

cuts with phenolic extraction and pooled for each group in equal relation (n=8 except female group n=7). 

Quantitative real-time RT-PCR was performed for Hpx and the housekeeping genes β-actin, β2m and Hprt 

All reference gene expressions were used for normalization to minimize sepsis influence on general 

transcription. Calculated values are relative to male solvent control (set as 1). Error bars indicate SEM. 
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4.2.8 Gender and compounds influence the liver transcriptome  

Microarray, a high-throughput technology, extended the understanding of 

complex molecular interactions in infectious disease (Lambeck et al. 2012). 

Both the AR and the ER act as transcription factors and therefore it is likely that 

beside the sepsis induced transcriptome changes further targeting compound 

specific transcriptional alterations may occur in the mouse liver.  

After quality confirmation of liver RNA, microarrays (3 replicates) covering the 

whole mouse genome were performed yielding 1175 differentially expressed 

genes (DEG) (1244 alternative transcripts; for list see appendix). The DEGs 

were clustered using Pearson correlation and for each run and group combined 

in a heatmap (Figure 20). Bioinformatic analysis revealed that the replicates of 

each treatment group cluster together. The individual groups could be differen- 

tiated, suggesting specific compound alterations of the liver gene expression 

pattern. However, the clustering does not reflect the sepsis survival outcome. 

Further gene set enrichment analysis identified several pathways including drug 

metabolism pathways in the liver like cytochrome P450 pathways, steroid 

biosynthesis and biosynthesis of unsaturated fatty acids (microarray data 

aligned to KEGG DB) (Table 5). Associated with functions in the immune 

system, genes involved in Toll-like and NOD-like receptor signaling are 

overrepresented (Table 5). Interestingly, analysis of female resident 

macrophages exhibited higher Toll-like receptor expression while addition of 

testosterone to isolated mouse macrophages decreased the expression and 

sensitivity to ligands (Angele et al. 2000, Rettew et al. 2008). This enhanced 

immunological competence of local immune cells in females led to improved 

antimicrobial host defense after polymicrobial sepsis (Newsome et al. 2011). 

This reveals a further component for the gender dimorphism in sepsis that may 

also be targeted by antiandrogens.  

Additional analyses of the microarray data as well as the confirmation by qRT-

PCR were performed by Master student Hartmut Bockert (under supervision of 

Daniela Röll) and led to the result that the NOD-like and Toll-like receptor signal 

pathways are affected in a gender- and treatment-associated manner (Bockert). 
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Figure 20 Heatmap of differentially expression genes (1244 transcript variants) illustrates 

distinct transcriptomes according to compound treatment. Red indicates over- and blue under-

expression as depicted by the z-score right to the cluster and is related to the mean of all treatments and 

chips (three chip replicates). Liver mRNA isolates were obtained and pooled as described in Figure 13. 

Quality of mRNA was verified by 28S:18S rRNA ratio with the capillary electrophoresis system according to 

manufactures protocol (QIAxcel RNA QC Kit) and subsequent amplified and biotinylated (Illumina 

TotalPrep RNA Amplification Kit). Illumina mouseRef8v2 chips were read by Genome Studio and 

annotation MouseRef-R software. Raw data was subjected to normalization via robust spline normalization 

(RSN), quality control and background correction with R package lumi. Bead types having detection values 

p < 0.01 in at least one sample were called ´present´ and taken for further analyses. Quality control, 

comprising assessment of detection p-values, mean-sd-relationship and unsupervised clustering 

(dendrogram above cluster) indicate reproducible and reliable data. Transcripts were filtered via FDR-adj 

and p-valueas (One way ANOVA) < 0.05. All computational and statistical analyses were performed and 

kindly provided by Dr. Sandro Lindig. 

Table 5 Top enriched pathways (after KEGG DB) within the treatment groups. Data kindly 

provided by Dr. Sandro Lindig 
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Detailed clustering of DEGs comparing gender specific transcription (♂sol 

versus female difference) as well as differences after AA (♂sol versus ♂AA 

difference) or Flu (♂sol versus ♂Flu difference) treatment revealed a list of 31 

DEGs, which are similar expressed in females and after AA or Flu treatment 

compared to the male solvent group (Table 6). Among the 31 DEGs only five 

show similar expression in females, after AA and after Flu treatment. Nine DEGs 

exhibit similar expression in the females and the AA treated group, and 17 

similar expression in females and after Flu treatment of males (respectively, 

compared to male control group). Thus Flu seems to influence the liver 

transcriptome in male mice more likewise towards the female expression 

pattern than AA. 

To assign the respective protein function of the DEGs for the gender as well as 

AA or Flu treatment the UniProt data base was used (Table 7). The similar 

expressed genes in females and AA- or Flu-treated male animals compared to 

the male solvent control range from a cell cycle regulator (G0s2) to genes 

encoding for proteins being involved in e.g. endocytosis (CYP2B10 and 

Lgals3bp). DEGs likewise expressed in females and in the male AA group 

include genes coding for inflammatory response proteins (Cxcl2 and Ccl5) or 

factors involved in transcription (Nr1d2 and Phf17). Among the increased 

expressed genes in females and Flu treated males are genes coding for proteins 

involved in liver metabolism (Aox3 and Cyp8b1) and coagulation (Cfd and 

Klkb1). Interestingly all genes, which are less expressed in females and Flu 

treated male mice code for proteins being included in diverse immune host 

response pathways towards microbes.  
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Table 6 Gender and treatment specific DEGs. 

 

Table of 31 DEGs listed by gender (solvent versus female indicated as ♂sol-female) and in addition by 

male AA (solvent versus AA indicated as ♂sol-♂AA) or male Flu treatment (solvent versus Flu indicated as 

♂sol-♂Flu). The log2 fold change is indicated as difference with the respective p value. Genes were 

implied if the absolute value of the differences was greater than the threshold of >0.5. Red labeled genes 

are up-regulated and blue labeled down-regulated compared to male solvent control.  
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Table 7 Functions of gender and treatment specific DEGs. 

 

Protein functions of DEGs from Table 6 were searched with the UniProt gene database. 
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Taken all results together novel potent and specific antiandrogenic compounds 

were identified by using the structural lead compound MA. Those antiandrogens 

compete for AR binding and inhibit AR target gene expression as well as 

prostate cancer cell growth but importantly exhibit a distinct AR antagonism 

compared to clinically antagonists. They inhibit in contrast to Flu the AR-T877A 

mutant and impair in contrast to Bic the AR nuclear translocation. The in vivo 

mouse studies revealed a gender dimorphism in the PCI sepsis model and a 

beneficial influence on male mice sepsis survival of the compounds AA and Flu, 

inhibiting the AR and activating in addition the ER. Multiple genes were 

identified that are changed towards the expression levels of female mice. In 

addition, both compounds decreased platelet counts and IL-12p70 

concentrations in the blood of septic mice compared to male control upon septic 

female mice patterns. Furthermore, the hemolysis signaling was altered and a 

bioactive targeting of the liver by the compounds was shown, as a possible 

mechanism to prevent organ failure and to enhance survival rate. 
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5 Discussion  

The treatment strategies of sepsis are largely limited to surgical removal or 

drainage of the infected focus, early and appropriate antibiotics and supportive 

care (Goldenberg et al. 2011). Severity of sepsis does not markedly depend on 

the source of infection or the causative microbes but is related to gender in 

severity and survival (Adrie et al. 2007, Artero et al. 2012). 

The observed gender dimorphism in sepsis may be useful as a target strategy 

and therefore the detailed analyses may lead to the development of potentially 

novel drugs for an improved outcome. For these aims a combinational strategy 

of in vitro investigations of sexual hormone receptor ligands and animal in vivo 

studies of polymicrobial sepsis was performed.  

5.1 Novel non-steroidal antiandrogens displaying a distinct 
mode of AR inhibition  

So far, the beneficial effect of Flu was mainly related to its activation of the 

aromatase resulting in ER activation in models of trauma-hemorrhage (Hsieh et 

al. 2006, Yu et al. 2006, Shimizu et al. 2007). Other AR antagonists had not 

been investigated in animal models of sepsis and the influence of the AR was 

therefore not elucidated.  

The synthesis of derivatives using MA, the methyl ester of one main compound 

of the Sabal serrulata fruit extract, as chemical platform led to novel potent AR 

antagonists. Those antiandrogens did not affect the closely related receptors 

such as GRα and PR-B suggesting that the compounds exhibit a high receptor 

specificity. On the molecular level the R-compounds competed for AR binding 

and were only active in the presence of the AR-LBD, strongly suggesting a 

direct binding to the AR. Moreover, AR target gene expression and androgen-

dependent prostate cancer cell growth were inhibited by the R-compounds, 

leading to the conclusion that they antagonize the transcriptional activity of the 

AR. 

Since the novel antiandrogens decreased in addition to the wild type AR-

mediated transactivation also the transactivation of the often occurring AR-
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T877A mutant, that renders the AR antagonist Flu into an AR agonist 

(Veldscholte et al. 1992b), the inhibition of AR by the R-compounds seems to 

be mechanistically different compared to Flu. Strengthening this hypothesis, the 

results indicate that the androgen-induced nuclear AR translocation is impaired 

in the presence of R5. In contrast the clinically used AR antagonists Bic or the 

biological Flu-metabolite OH-Flu have no influence on AR nuclear translocation 

(Georget et al. 1997, Marcelli et al. 2006). In addition, the influence of the most 

potent R-compound (R5) on the ER-mediated transactivation is different from 

Bic and Flu. R5 activates the transactivation of both ER isoforms, whereas Bic 

and Flu have no direct effect on ERs. Taken together, the synthesis of novel 

non-steroidal antiandrogens led to compounds with a distinct modulation of AR 

and ER and thus exhibit different activities compared to the currently used 

compounds addressing the AR or ERs (Figure 21). 

 

 

Figure 21 Schematic diagram of the AR and ER modulation of clinically used antiandrogens 

and the R-compounds. The currently clinically used antiandrogens (black circles) inhibit the AR activity 

by binding to the AR (yellow quarter) and recruiting corepressors (red circle) to the homodimerized AR 

(yellow ellipse). Flu enhances aromatase activity (light blue ellipse) which leads to the conversion from 

testosterone to E2 and results in ER activation (pink ellipse). The R-compounds as novel antiandrogens 

(purple circles) bind to the AR but in contrast impair its nuclear translocation (right side of the figure). In 

addition R5 activates both ER isoforms. 
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5.2 Relation of sepsis outcome, gender and activity of sexual 
hormone receptors  

The antiandrogen Flu has only once been investigated in the CLP sepsis model. 

To get further insights of the influence of AR in sepsis outcome, further 

antiandrogens exhibiting different AR-inhibition modes as well as distinct ER 

activation were implied in the PCI sepsis experiments. The clinical severity score 

10 h post infection insult exhibited illness in all animals and did not differ 

significantly among the groups, suggesting that a complete prevention of 

infection is not the reason for the gender dimorphism. For the first time the 

gender dimorphism between septic pre-estrus female mice and septic male 

mice was shown in the PCI sepsis model, confirming result from CLP studies. 

The difference in mortality rate was compelling, since 80% of the female 

survived 72 h post PCI but all male mice died at latest as 28 h post PCI. 

Interestingly, analyzing the contribution of ER or AR neither the pure AR 

antagonist Bic nor the pure ER activation by E2 was sufficient for significant 

improvement of survival rates in male mice. The insufficient beneficial effect of 

solely E2 treatment is in contrast to the postulated hypothesis in literature that 

only ER is related to improvement of sepsis outcome (Angele et al. 1997, Raju 

and Chaudry 2008).  

The two antiandrogens Flu and AA, which both inhibit AR and activate ER, 

significantly enhanced male sepsis survival, suggesting that both modes of 

action are required: the inhibition of AR and the activation of ER (Figure 22). 

The R5 treatment led to enhanced survival but statistically not significant. This 

may be related to its lower applied concentration but also to its lower 

estrogenic potential compared to AA. Especially the lower ER-β activation 

compared to AA may be responsible for the difference, since ER-β activity was 

related to myocardial function and its specific activation improved heart failure 

in trauma-hemorrhage (Yang et al. 2004, Pelzer et al. 2005). 

Thus, the beneficial influence on male sepsis survival in the CLP model was 

confirmed with the PCI mouse model. Moreover the natural compound AA with 

a different mode of action than Flu was newly identified as beneficial for male 

sepsis survival without antimicrobial therapy. 
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Figure 22 Simultaneous AR inhibition and ER activation seem to be required for a beneficial 

outcome of male septic mice. Male mice exhibit a high mortality following peritoneal infection in the 

presence of androgens (dark blue circles) activating the AR (yellow ellipse) compared to female mice. Pure 

inhibition of the AR (yellow barrel) by Bic (light blue circles) or pure activation of the ER (pink ellipse) by 

E2 (pink circles) does not ameliorate the sepsis mortality significantly. Administration of either AA (dark 

green circles) or Flu (light green circles), both are antiandrogens that exhibit in addition ER activation, is 

beneficial for sepsis survival in male mice. 

5.3 Influence of low platelet numbers on sepsis outcome  

Healthy female mice have fewer platelets compared to male mice (Wirth-

Dzieciolowska M et al. 2009). Thrombocytopenia is frequently observed in 

critically ill patients and thus commonly employed in clinical trials of severe 

sepsis therapies as a marker of coagulopathy (Goyette et al. 2004). In general, 

a low platelet count in septic patients is associated with a poor outcome, 

especially when persisting (Akca et al. 2002). Nevertheless, a clinical study 

analyzed not only the number of platelets but their functions (adhesion, 

aggregation, secretion, promotion of pro-coagulant activity and induction of 

vascular healing by growth factor release) and revealed a sepsis-induced 

complex function regulation of platelets occurring independent of platelet 

numbers and coagulation abnormalities (Yaguchi et al. 2004). Furthermore also 

platelet activation contributes to microvascular thrombosis and organ failure in 

systemic inflammation. In line with this anti-platelet drugs reduced the need of 

intensive care treatment and duration of stay in hospital, but their use also 

increases the risk of bleeding (Winning et al. 2009). 
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On the other hand however, elevated platelets in sepsis, flowing through the 

sinusoids can adhere to the sinusoidal endothelial cells causing endothelial cell 

damage and result in formation of fibrin microthrombi, thus affecting liver 

function (Srivastava and Gimson 2013). The lower platelet count in female mice 

and male mice following antiandrogens (AA, Flu and R5) treatment may prevent 

the deleterious event of fibrin-mediated microthrombi formation. However no 

conclusion about platelet activity can be implied at this stage. 

The lower platelet counts might also reflect a better maintained plasma volume, 

diluting the platelet count as supported by less pronounced hemoconcentration 

with ER- and AR-modulation. The maintained plasma volume could lead in 

general to a paradox deterioration of parameters measured in the plasma, 

suggesting a worse sepsis outcome but which ultimately reflect a beneficial 

effect.  

5.4 Gender and compound specific IL-12p70 decrease  

Pro- as well as anti-inflammatory responses occur early and simultaneously in 

sepsis (Hotchkiss et al. 2013). A hyper-inflammatory response contributes to 

early death due to overwhelming inflammation or to late death due to 

intractable inflammation-induced organ injury (Hotchkiss et al. 2013). A 

persistent immune-suppressive state also leads to late death because of 

inability of the patient to clear primary infections and the development of 

secondary infections (Otto et al. 2011, Hotchkiss et al. 2013). Restoring the 

homeostasis of the immune-system therefore is crucial for sepsis outcome. 

Cytokines play a major role in the orchestration of the immune system and their 

altered production following infections may contribute to lethal toxic shock or 

lethal infections (Adib-Conquy and Cavaillon 2007). Among those important 

cytokines is IL-12p70 (Trinchieri 2003). 

The pro-inflammatory cytokine IL-12p70 is a heterodimere consisting of the 

subunits IL-12p35 and IL-13p40. Both subunits need to be expressed 

coordinately in the same cell to form the biologically active heterodimer 

IL-12p70 (Trinchieri 2003). IL-12p70 is primarily produced and secreted by 

dendritic cells and phagocytes and is an inducer of IFN-γ and TNF-α. Further 
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functions are the enhancement of cytotoxicity of natural killer and cytotoxic T 

cells as well as differentiation of naïve T cells into Th1 effectors (Trinchieri 

2003).  

In line with this, pre-treatment with recombinant IL-12 of mice with severe 

peritonitis exhibiting low endogenous IL-12p70 levels improved the survival rate 

(Ono et al. 2001). A prospective study of 184 patients related impaired 

monocyte IL-12p70 production to the development of post-operative sepsis 

(Hensler et al. 1998). In children with purpura and sepsis high levels of 

circulating IL-12p70 were correlated with severity of disease and outcome 

(Hazelzet et al. 1997). Furthermore, a serial increased of IL-12 was observed in 

survivors of severe sepsis, suggesting a beneficial influence (Wu et al. 2011). 

Taken together IL-12p70 plays a key role in the development of cell-mediated 

immunity and is sepsis-associated (Gee et al. 2009).  

On the other hand, the IL-12p70-induced Th1 response can be detrimental like 

shown for multiple sclerosis, rheumatoid arthritis and graft versus-host disease 

(Gee et al. 2009). IL-12p70 might induce the profound immune 

unresponsiveness that was observed in mice after treatment with exogenous 

IL-12p70 or during IL-12p70-induced infections-like responses through 

enhanced IFN-γ and nitric oxide (Trinchieri 2003). Thus, the lower IL-12p70 

levels in female mice and in male mice after Flu treatment may be protective 

and contribute to improved sepsis survival.  

IL-12p70 plays an ambiguous role during infection response. IL-12 knockout 

mice were described to be susceptible to sub-lethal CLP-induced sepsis and 

exhibited a high bacterial load in the peritoneal cavity and reduction of IFN-γ, 

indicating an impaired pro-inflammatory response (Moreno et al. 2006). 

However, the importance of IL-12p70 as an IFN-γ inducer is related to its high 

efficiency at low concentration levels and its synergism with many other 

activating stimuli, e.g. interleukin-2 (Trinchieri 2003). This suggests that low IL-

12p70 levels not necessarily impair the pro-inflammatory response. 

In a murine model of inflammatory bowel disease, the administration of 

IL-12p70 and interleukin-18 induced prominent intestinal mucosal inflammation 
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and fatty liver (Chikano et al. 2000), suggesting a potential protective effect of 

low IL-12p70 levels on liver dysfunction during sepsis.  

A study of endotoxemia in mice reported a significant time-dependent increase 

in plasma, lung and liver levels of IL-12p70 and an increase in endotoxin-

induced mortality in mice transiently overexpressing murine IL-12, accompanied 

by high IFN-γ levels (Zisman et al. 1997). The neutralization of IFN-γ in animals 

overexpressing IL-12 resulted in decreased mortality, suggesting once again 

that the deleterious effect of IL-12p70 is mediated primarily by enhancement of 

IFN-γ levels.  

The ambiguous influence of IL-12p70 on sepsis response and survival impedes 

explicit conclusions and discussions of the gender and treatment-specific shown 

IL-12p70 plasma levels, especially since no differences in IFN-γ levels were 

observed. 

5.5 Hpx as crucial factor to protect against liver injury in sepsis  

Ultimate causes of death due to sepsis are cellular dysfunctions and organ 

failure, including the liver as a key player.  

Flu was described to protect against liver injury after trauma-hemorrhage by 

decreasing levels of α-gluthathione S-transferase, myeloperoxidase activity, 

nitrosine formation, lipid peroxidation and cytokines (ex vivo Kupffer cells: 

TNF-α, IL-6, MCP-1 decreased) (Kan et al. 2008). The detected ILs, including 

TNF-α, IL-6 and MCP-1 in liver did not exhibit any differences among the mice 

groups revealing a distinct influence of gender and Flu in sepsis compared to 

trauma-hemorrhage. Even though cytokine levels did not change upon 

compound treatment the bioactivity on liver of the compounds could be proven 

by distinct alterations in the liver transcriptome.  

Intravascular hemolysis is associated with pathophysiological conditions. 

Released free heme during hemolysis is a major and readily available source of 

iron for pathogenic microorganisms (Ascenzi et al. 2005). The scavenging 

protein Hpx through high affinity of binding free heme represents the primary 

line of defense towards heme-mediated toxic effects e.g. endothelial barrier 

impairment, with the liver as main target tissue for heme:Hpx complex 
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internalization and subsequent iron recycling (Chiabrando et al. 2012). The 

tissue specific and temporal expression of Hpx is mainly regulated at the 

transcriptional level (Chiabrando et al. 2012). Hpx production elevation occurs 

during inflammation (triggered through cytokines e.g. IL-6) but also increases 

in response to extracorpuscular heme, while other acute-phase proteins remain 

unchanged (Chiabrando et al. 2012). It was described that estrogen treatment 

down-regulates Hpx plasma concentration and that the Hpx protein expression 

remains after menopause in women (Hashimoto et al. 1991, Zhao et al. 2008). 

Interestingly, climacteric patients receiving medical treatment of androgens 

showed increased Hpx levels, assuming that under homeostatic condition 

estrogens down-regulate and androgens up-regulate Hpx. 

Importantly, the measured Hpx protein amount in liver is significantly different 

in gender and is shifted upon AA, Flu, Bic or E2 administration of male septic 

mice towards the pre-estrus female levels. Since the male mice exhibited lowest 

levels of Hpx protein, the described androgen induced Hpx protein expression 

under homeostatic conditions is either not present in septic animals or 

overlayed by the sepsis-induced expression. 

The absence of compound regulation of Hpx at the transcriptional level but the 

enhanced Hpx protein amount in the groups with improved sepsis survival 

(female, Flu and AA), lead to the conclusions that either Hpx degradation is 

regulated or more likely hemolysis is prevented in those mice groups.  

5.6 Gender- and treatment-specific DEGs may be associated 
with improved sepsis outcome 

High-throughput techniques like microarrays enable to rapidly receive plenty of 

data. However if global clustering does not lead to a meaningful data set, more 

detailed analysis have to be performed. 

The clustered DEGs according to similar expression in female mice and AA- or 

Flu-treated male mice with a differential expression in the male solvent group 

revealed 31 DEGs. These DEGs exhibit diversity in their known protein 

functions.  
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Among the similar increased transcripts in female mice, AA-treated and Flu-

treated mice is Csad, encoding for an enzyme being essential for the 

biosynthesis of the amino acid degradation product taurin (Park et al. 2014). 

Taurin is considered as a conditionally essential amino acid in humans, which is 

not incorporated in proteins but is involved in e.g. membrane stabilization, 

inflammation and regulation of the cardiac muscle, all processes that are 

disturbed during sepsis and may be positively affected by enhanced taurin 

levels. 

The Cxcl2 gene, which mRNA levels are up-regulated in females and male AA-

treated mice compared to male control, encodes for the C-X-C motif ligand 2. 

The respective activated receptor was found to be detrimental for liver recovery 

after ischemia/reperfusion in mice (Kuboki et al. 2008) and thus may contribute 

to prevent liver failure. Another up-regulated gene included in this DEG cluster 

was Nr1d2 encoding the nuclear hormone receptor Rev-Erb-β. Interestingly, 

Rev-Erb-β functions, in contrast to other hormone receptors, after ligand 

binding of heme as a constitutive transcriptional repressor (Kojetin and Burris 

2014). The Rev-Erb-β target genes include nuclear factor of kappa light 

polypeptide gene enhancer in B-cells inhibitor α and nuclear factor kappa-light-

chain-enhancer of activated B-cells. The regulation of both factors by Rev-Erb-β 

modulates inflammation especially in vascular smooth and skeletal muscles 

(Ramakrishnan and Muscat 2006). Ccl5 is a transcript being decreased in 

females and after AA treatment of male mice. The corresponding expressed 

protein is the C-C motif ligand 5, whose administration was demonstrated to 

increase sepsis-induced lethality, whereas its neutralization improved survival 

(Ness et al. 2004). 

The endogenous serum levels of adrenomedullin, the protein product of the 

gene Adm (increased in females and Flu-treated mice), were shown to be 

increased during severe sepsis (Temmesfeld-Wollbruck et al. 2007). 

Furthermore, adrenomedullin acted as a potent therapeutical endothelial barrier 

function-stabilizing agent and has cardiovascular benefits, including protection 

of microcirculation during inflammation (Temmesfeld-Wollbruck et al. 2007). 

Notably, all proteins of the down-regulated transcripts in females and Flu-
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treated male mice are involved in or correlated to immune response. The 

protein expressed from Oasl1 for example mediates negative regulation of Type 

1 interferones, which may result in viral persistence and suppressed T-cell 

function (Lee et al. 2013). 

All mentioned effects of either increased or decreased DEGs compared to the 

male control group may contribute to the favourable sepsis outcome in female, 

AA-treated or Flu-treated mice. 

 

In summary, the identification of compounds that act as both, AR antagonists 

and ER agonists, seems to be a prerequisite for subsequent studies to elucidate 

the detailed underlying mechanisms. The improvement of male sepsis survival 

by treatment with only one compound (either AA or Flu) without further 

antibiotic therapy may be a novel therapeutic approach in the light of an ever 

increasing burden of resistant pathogens. In addition the identified compounds 

may be supportive against organ dysfunction and support restoration of the 

immune homeostasis, thus might synergistically facilitate sepsis symptoms care 

also if antibiotics are applied.  
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6 Conclusions and perspectives 

Even though gender differences in many diseases and therapeutic responses 

are described men are more frequently enrolled in clinical trials than women 

(Martin et al. 2003). Gender and age has to be considered in the design of 

clinical and animal studies and also for the treatment of sepsis patients, since 

the here described results hardening the influence of sexual hormones and their 

receptors in sepsis response. Further studies to confirm the hypothesis of 

beneficial combination of AR activity down- and ER activity up-regulation have 

to be performed with PCI survival experiments. On the one hand a 

combinational administration of the pure AR antagonist Bic and E2 could 

elucidate this effect. On the other hand the survival benefits of antiandrogens in 

the presence of antibiotics, to adjust clinical conditions, have to be performed. 

The hormonal status has to be considered since a retrospective analysis 

reviewed that there was increased mortality in males younger than 50 years 

compared with age-matched women but was no longer evident comparing 

patients older than 50 years (Mahmood et al. 2012). Also in rodents a study 

with aged mice exhibiting decreased sexual hormone levels indicated a reverse 

gender related immune response after trauma-hemorrhage: aged male mice 

had elevated cytokine release compared to aged females (Kahlke et al. 2000). 

Sepsis studies in aged mice with respective treatment may reveal whether 

antiandrogens are also beneficial for aged female mice (comparable to 

menopausal women). 

Sex steroids influence leucocytes, macrophages and T-cells. Besides 

transcriptional alteration the AR can also induce non-genomic pathways. 

Androgens have been shown to induce the rapid activation of kinase-signaling 

cascades and modulate intracellular calcium levels (Heinlein and Chang 2002, 

Orshal and Khalil 2004). Interestingly these effects occur also in the presence 

of transcriptional and translational inhibitors and the androgen-induced 

intracellular calcium increase in macrophages and T cells is not inhibited by the 

AR-antagonist cyproterone acetate (Choudhry et al. 2007). Thus in addition to 

observations of transcriptome changes influenced by antiandrogens alternative 
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pathways like the kinase signaling cascade should be investigated in immune 

cells post sepsis induction. 

Estrogens and the ER play a crucial role in myocardial function. Investigations 

in female ER-β knockout mice revealed increased mortality and aggravation of 

heart failure after myocardial infarction (Pelzer et al. 2005). Above E2 restored 

cardiac function and decreased cardiomyocyte IL-6 expression in male mice 

after trauma-hemorrhage (Yang et al. 2004). The heart as target tissue of the 

estrogenic activation by antiandrogens should be investigated by measuring 

heart function and failure. Also other organs important for sepsis outcome like 

the kidneys that had not been included in this study may be affected by 

antiandrogen treatment and should be included in further studies. 

Considering Hpx function as a main event in preventing the cytotoxicity of free 

heme during sepsis, the mechanism how the used substances influence this 

process should be clarified. Measuring the free heme in plasma of female, male 

and male antiandrogen-treated septic mice as well as plasma Hpx protein 

concentrations (with mass spectrometry) would answer the question whether 

free heme itself is lower, maybe because of less RBC lysis, or if Hpx protein 

concentrations are elevated.  

Antiandrogen-treatment may be one possibility to ameliorate sepsis outcome 

via improving the tolerance to infection, especially in males. 
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8 Appendix 

Nomenclature of R-compounds 

 

R1 methyl 2-amino-4-chlorobenzoate 

R2 methyl 2-acetamidob 

R3 methyl 2-pyrrol-1-ylbenzoate 

R4 methyl 2-amino-4,5-methoxybenzoate 

R5 methyl 2-amino-5-chloro-3-iodobenzoate 

R6 ethyl-2-(4-methyl-[1,4]-diazepan-1-ylbenzoate 

R7 methyl 2-morpholino-4-ylbenzoate 

R8 phenyl 2-aminobenzoate 

R9 methyl 2-amino-5-chlorobenzoate 

R10 2-amino-N-methylbenzamide 

R11 methyl 4-aminopyridine-3-carboxylate 

R12 methyl 2-aminothiophene-3-carboxylate 

R13 methyl 3-aminothiophene-2-carboxylate 

R14 2-[(2-aminobenzoyl)amino]benzoic acid 

R15 methyl 3-aminonaphthalene-2-carboxylate  

R16 cyclohexyl 2-aminobenzoate 

R17 3-Methylbutan-2-yl-2-aminobenzoate 

R18 cyclohexylmethyl 2-aminobenzoate 

R19 [(2S)-Butan-2-yl]-2-aminobenzoate 

R20 methyl 2-amino-4-(trifluoromethyl)benzoate 

R21 butan-2-yl-2-amino-4-(trifluoromethyl)benzoate 
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List of the 1244 differentially expressed transcripts  

The list contains technical replicates of differentially expressed transcripts, which are distinguished by the 

respective probe/Ilumina ID (ILMN_XXXXXXX). 

0610009B22RIK 2810022L02RIK A330021E22RIK AGXT2L1 

0610012D14RIK 2810403A07RIK A530050D06RIK AHNAK 

1110002B05RIK 2810439F02RIK A530082C11RIK AHSA2 

1110006G06RIK 2900010M23RIK A630042L21RIK AI132487 

1110038D17RIK 2900024O10RIK AA407270 AI317395 

1110049F12RIK 3110001A13RIK AA536749 AI428936 

1110057K04RIK 3110004L20RIK AA960436 AI450540 

1200003C05RIK 3110023B02RIK AACS AI661453 

1200003I07RIK 3110035E14RIK AATK AI846148 

1500031L02RIK 3110049J23RIK ABCA6 AIFM2 

1700020O03RIK 3830402I07RIK ABCB11 AKAP12 

1700045I19RIK 3830406C13RIK ABCC2 AKAP2 

1700123O20RIK 3830406C13RIK ABCC3 AKAP8L 

1810008A18RIK 3830406C13RIK ABCG5 AKR1B8 

1810011O10RIK 4432416J03RIK ABCG8 AKR7A5 

1810019J16RIK 4833421E05RIK ABHD14B AKT1S1 

1810020D17RIK 4930455C21RIK ACAA1B ALAS1 

1810033M07RIK 4930570C03RIK ACADM ALDH1A1 

1810063B05RIK 4931406C07RIK ACAT1 ALDH1A7 

2010001J22RIK 4933439C20RIK ACAT2 ALDH3A2 

2010011I20RIK 5033414D02RIK ACLY ALDOB 

2310010B21RIK 5730410E15RIK ACNAT2 ALDOC 

2310022B05RIK 5730410E15RIK ACOT1 AMIGO2 

2310065K24RIK 5730449L18RIK ACOT11 AMIGO3 

2310076L09RIK 5730494N06RIK ACOT2 ANG 

2410001C21RIK 5830427D03RIK ACOT3 ANGEL2 

2410018G20RIK 5830468K18RIK ACPL2 ANGPTL4 

2410025L10RIK 6330578E17RIK ACSS2 ANP32A 

2410129H14RIK 6430527G18RIK ACTB ANXA3 

2510009E07RIK 8430408G22RIK ACY1 ANXA5 

2610002M06RIK 8430410K20RIK ADM AOF2 

2610020O08RIK 9030625A04RIK ADORA1 AOX3 

2610528O22RIK 9130218O11RIK ADRM1 AP2B1 

2810007J24RIK 9530077C05RIK AGTR1A AP3M1 
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APAF1 AVPR1A (ILMN_2890935) C1QTNF1 CD63 

APBB2 AW555464 C2 
CD74 
(ILMN_3089584) 

APBB3 AXUD1 C6 (ILMN_2798129) 

CD74 

(ILMN_1221817) 

APOA4 B230342M21RIK C6 (ILMN_1216720) CDK5RAP1 

APOA5 B3GNT3 C8B CDK5RAP3 

APOC4 B9D1 C9 (ILMN_2937375) CDKN1A 

APOL9B BACE1 C9 (ILMN_2937379) CDR2 

AQP8 (ILMN_2756379) BAP1 CAMK2B CELSR3 

AQP8 (ILMN_2854157) BAT2 CAMK2N1 CENPA 

AQP9 BBOX1 CAPZB CENTG3 

ARHGDIB BBS4 CAPZB CES3 

ARHGEF15 BC014805 CAR13 CFD (ILMN_2835423) 

ARHGEF19 BC016495 CASKIN2 CFP (ILMN_2835423) 

ARHGEF3 BC025446 CASP1 CHAC1 

ARID2 BC031353 CASP4 CHCHD10 

ARL6IP1 BCLAF1 CAV1 CHI3L1 

ARMCX5 BCOR CCDC120 CHI3L3 

ARRDC4 BET1 CCDC134 CHN2 

ARSA BET1L CCL2 CIAPIN1 

ASB13 BGN CCL25 CIB1 

ASNS (ILMN_2643513) BHLHB2 CCL27 CIDEC 

ASNS (ILMN_3006123) BHLHB8 (ILMN_2651389) CCL5 CISD1 

ASTE1 BHLHB8 (ILMN_2664777) CCL7 CISH 

ATAD3A BHMT2 CCL9 CLDN1 

ATOH8 BID 

CCND1 

(ILMN_2601471) CLDN14 

ATP1B1 BIRC2 

CCND1 

(ILMN_1221503) CLDN2 

ATP2A2 BLVRB CCND3 CLEC4A3 

ATP2A3 BMP1 CCNG1 CLEC4E 

ATP5H BOK CCRN4L CLEC4G 

ATP5L BRP17 CCS CLECSF9 

ATP6AP1 BRPF1 CD14 CLIC1 

ATXN2 BTG3 CD151 CLTB 

AU018778 BXDC2 CD40 CMAH 

AU019823 C130074G19RIK CD52 CMBL 

AU040320 C1QBP CD59A CML4 

AVPR1A (ILMN_124299) C1QC CD59B CMTM4 
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CMTM6 CYP2B23 DENND3 EEF1E1 

COBL CYP2B9 DGAT1 EFEMP2 

COBLL1 CYP2C67 DHDDS EFNA5 

COG8 CYP2C70 DHRS7 EG13909 

COMMD1 CYP2D40 DIAP1 EG240549 

COPS6 CYP2D9 DIO1 EG624219 

CORO1B CYP2E1 DNAJB1 EG633640 

CPNE8 CYP2F2 DNAJC10 EGFL7 transcription variant b 

CPSF4L CYP2J9 DNAJC12 EGFL7 transcription variant c 

CRAT CYP3A13 DNAJC19 EGFR transcription variant 1 

CRELD2 CYP4A12A DNAJC3 
EGFR transcription variant 2 
(ILMN_3128725) 

CSAD CYP4A12B DOCK1 
EGFR transcription variant 2 
(IILMN_3052260) 

CSNK1D CYP4A14 DOK3 EGR1 

CSRNP2 CYP4F15 DPEP2 EHF 

CSRP2 CYP4V3 DPP3 EHMT2 
CSRP3 

(ILMN_2789650) CYP7A1 DRG1 EIF1B 
CSRP3 

(ILMN_2742068) CYP7B1 DSCR1L2 EIF2B4 

CSRP3 
(ILMN_2789651) CYP8B1 DSP EIF2S3X 

CTPS 
(ILMN_2932964) D14ERTD449E DTX2 EIF2S3Y 

CTPS 

(ILMN_1219712) D14ERTD668E DUSP10 EIF3K 

CTSC D15MGI27 

DUSP16 transcription 

variant A1 EIF4A1 

CXADR D730039F16RIK 

DUSP16 transcription 

variant B1 ELOF1 

CXCL10 D930001I22RIK DUSP19 ELOVL2 

CXCL12 DBF4 DUSP6 ELOVL5 

CXCL13 DBP DUSP8 ELOVL6 

CXCL14 DCAKD DXBWG1396E ENC1 

CXCL2 DCLK3 DYNC2LI1 ENG 

CYB5B DCN E130012A19RIK ENPP1 

CYB5D2 DCP1A E130016E03RIK ENPP2 

CYHR1 DCP1B E2F6 ENTPD5 

CYP17A1 DDAH1 EBP EPN2 

CYP1A2 DDHD1 EBPL (ILMN_1250555) ERGIC1 

CYP1B1 DDI2 EBPL (ILMN_2725035) ERLIN1 

CYP2A5 DDX17 ECD ERMP1 

CYP2B10 DDX3Y ECHDC1 ES1 

CYP2B13 DDX54 ECM1 ES22 
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ESM1 FXYD5 (ILMN_1235493) GM561 (ILMN_2781798) HBP1 

ETNK2 FXYD5 (ILMN_2742928) GMFG HBS1L 

ETS2 FXYD6 GNAO1 HDGF 

EXOSC4 FZD6 GNAT1 HDLBP 

EXT1 G0S2 GNB5 HECTD2 

F11 G6PC GNPDA1 HERPUD1 (ILMN_2790246) 

F11R GAB1 GOLM1 HERPUD1 (ILMN_2790241) 

F13A1 

GADD45A 

(ILMN_2947568) GOLT1A HES6 

F2R 

GADD45A 

(ILMN_2742152) GORASP2 HEXA 

FAAH GALE GPATCH1 HHEX 

FADD GALNT11 GPIHBP1 HIBADH 

FAF1 GAPVD1 GPR171 HIC2 

FAHD1 GAS6 GPR182 HINT3 

FAM102A GBP2 GPRASP1 HIST1H1C 

FAM125A GBP3 GRHPR HIST1H2BC 

FAM158A GCH1 GRINA HIST1H2BG 

FAM162A GCHFR GSE1 HIST1H2BJ 

FAM20A GCLM GSTA1 HIST1H2BK 

FANCC GCNT2 GSTA3 HIST1H2BM 

FASTKD5 GDF10 GSTM1 HIST1H3D 

FBXL5 GDF15 GSTM2 HIST1H3E 

FBXO6 GDF2 GSTO1 HIST1H4J 

FCHSD1 GFOD2 GSTP1 (ILMN_2793329) HMGB2L1 

FDPS GGCX GSTP1 (ILMN_1223230) HMGCS2 

FEN1 GGNBP2 GSTP1 (ILMN_2677046) HMOX1 

FGD6 GHR GSTT3 HPRT1 (ILMN_2704499) 

FGF1 GIMAP8 GTPBP1 HPRT1 (ILMN_2767487) 

FGF21 GIMAP9 GTPBP2 HS6ST1 

FKBP4 GINS4 GVIN1 HSD17B10 

FKBP5 GLDC H2-AB1 HSD17B7 

FMO3 
(ILMN_2943135) GLRX H3F3B HSD3B7 

FMO3 
(ILMN_2731963) GLS2 HAL HSP105 

FMO5 GLTPD2 HAMP2 HSP90B1 

FNTB GLYAT HAO1 HSPA1A 

FUS GM527 HAP1 HSPA2 transcription varaint 1 

FVT1 GM561 (ILMN_1259668) HAPLN4 HSPA2 transcription varaint 2 

 



Appendix 
 

XX 
 

HSPA9 IRGQ LIMS2 (ILMN_2942674) LY6D 

HSPG2 ISY1 LIMS2 (ILMN_2738345) LYAR 

HTATIP2 ITPKC LMNA LYZ 

HUS1 
(ILMN_1229175) JAM4 LNX2 LYZ2 

HUS1 
(ILMN_2650547) JARID1D LOC100040592 MAFF 

ICAM1 JMJD5 LOC100044204 MANBAL 

ICK JOSD3 LOC100045343 MAP1LC3A 

ID1 JUNB LOC100045644 MAP2K4 

IFI27 KCNAB2 LOC100045981 MAP3K6 

IFIT2 (ILMN_2981169) KCNK5 LOC100046232 MAP3K8 

IFIT2 (ILMN_2981167) KCTD2 LOC100046802 MAPK1 

IFT140 KEG1 LOC100046855 MAPK14 

IFT172 KIF22 LOC100047200 MAPK8 

IGF1 KIF2A LOC100047323 MARE 

IGF2R KLC4 LOC100047427 MARVELD3 

IGTP KLF9 LOC100047490 MASP1 

IIGP2 KLHDC3 LOC100047579 MASP2 

IKBKG KLHL15 LOC100047651 

MAST2 

(ILMN_2652181) 

IL10 KLHL6 LOC100047674 

MAST2 

(ILMN_3125920) 

IL17RA KLKB1 LOC100048105 MAT2A 

IL17RB KRT8 LOC100048613 MBD1 

IL17RC KTI12 

LOC100048845 

(ILMN_2589865) MBL1 

IL1B KYNU 
LOC100048845 
(ILMN_2591361) 

MCM10 
(ILMN_2679464) 

IL33 L2HGDH LOC100048858 
MCM10 
(ILMN_2970532) 

IMMP2L L3MBTL3 LOC225594 MED21 

IMPDH2 L7RN6 LOC675567 MEIS1 

INHBA LAMC1 LRFN3 METTL6 

INHBE LASP1 LRRC3 MFAP1B 

INO80B LCK LRRC46 MFN1 

INPP5E LCN13 LRRC8D MFSD10 

INSIG2 LENG9 LRSAM1 MFSD2 

INTS5 LGALS1 LTF 

MGLL 

(ILMN_2700408) 

IQCB1 LGALS3BP LTV1 

MGLL 

(ILMN_2857957) 

IREB2 

LGALS4 

(ILMN_2626235) LUM MGST3 

IRF2BP1 
LGALS4 
(ILMN_2968211) LY6A MID1IP1 

IRF3 LHFPL2 LY6C1 MIST1 
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MKNK2 
NAPRT1 
(ILMN_1225191) 

NUDT7 transcription 
variant 1 PDZK1 

MMAB 

NAPRT1 

(ILMN_2799590) 

NUDT7 transcription 

variant 2 PECI 

MMD NCKAP1L NUP62 PEX16 

MOCS1 NDRL NUPL2 PEX19 

MON1B NDUFA12 NUSAP1 PEX6 

MORC3 NDUFS2 

OAS1G 

(ILMN_2628822) PFKL 

MOXD1 (ILMN_2977492) NELF 
OAS1G 
(ILMN_1253808) PFN2 

MOXD1 (ILMN_2737390) NFKB1 OAS2 PGLYRP1 

MPND NFKBIB OASL1 PGM3 

MRPL14 NFKBIE OGFR PGS1 

MRPL38 NFKBIZ OGFRL1 PHF17 

MRPL49 NHEJ1 OLFML1 PHLDA1 

MRPL53 NICN1 OLIG1 PHLDA2 

MRPS16 NIPSNAP1 OMA1 PHLDA3 

MRPS21 NLN OPLAH PHRF1 

MRPS24 NMRAL1 OSGIN1 

PIGP 

(ILMN_2592239) 
MRPS33 transcription 

variant 1 NMT1 OSMR 

PIGP 

(ILMN_2798255) 
MRPS33 transcription 

variant 2 NNMT OTTMUSG00000000231 PIGYL 

MRPS6 NOL6 P2RY5 PIH1D1 

MS4A6D NOSIP PABPC4 PIM1 

MTCH2 (ILMN_2610204) NOTCH1 PANK1 PITPNB 

MTCH2 (ILMN_2848583) NOX4 PAOX (ILMN_1236459) PLA2G12A 

MTERF NR1D2 PAOX (ILMN_2795698) PLA2G15 

MTERFD3 NR1I3 PAQR7 PLAC8 

MTHFD2 NRN1 PAQR9 PLAUR 

MUG2 (ILMN_2685043) 
NRP1 
(ILMN_1237197) PARD6A PLD1 

MUG2 (ILMN_2793806) 
NRP1 
(ILMN_2669912) PARP16 PLEC1 

MUG4 NSDHL PARP3 PLLP 

MUP4 NSUN2 PATL1 PLSCR1 

MX2 NT5C PBK PML 

MYADM 

NT5E 

(ILMN_2813830) PBLD PNPLA1 

MYH10 

NT5E 

(ILMN_2636285) PCDH1 PNPLA2 

MYO9B NT5M PDE4B POLRMT 

NANS NUAK2 PDGFB POP5 

NAP1L1 (ILMN_3004970) NUDT18 PDGFRA POR 

NAP1L1 (ILMN_1241857) NUDT22 PDK4 PPIF 
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PPIL3 RAMP2 RING1 SALL1 

PPM1K RANBP10 RIPK2 SAMD9L 

PPP1R10 RAPGEF1 RNASEN SAMHD1 

PPP1R13L RARS RNF103 SAMSN1 

PPP1R3C RASIP1 RNF125 SARS 

PPP2R5E 

RASL11B 

(ILMN_2706819) RNF135 (ILMN_2820379) SAV1 
PPP4R1 

(ILMN_1240892) 

RASL11B 

(ILMN_2793062) RNF135 (ILMN_2820383) SC4MOL 

PPP4R1 
(ILMN_2873510) 

RBM12 
(ILMN_1221822) RNF141 SC5D 

PRC1 
RBM12 
(ILMN_2626300) RNF144A SCAND1 

PRCP RBM18 RNF145 SCARA3 

PRDX4 RBM43 RNF34 SCARA5 

PREI4 RBM4B RNF44 SCOC 

PRICKLE1 RBP1 RNPS1 (ILMN_3123120) SCOTIN 

PRKACA RBPMS RNPS1 (ILMN_2690873) SDC3 

PRKCZ RCAN2 ROBO4 SDCCAG1 

PRKD2 RCSD1 RP9 SDPR 

PRKRA RDH5 RPA1 SDSL 

PRLR RDH7 (ILMN_1226515) RPL13A SEC61G 

PROX1 RDH7 (ILMN_2871249) RPL23 SEH1L 

PRPF3 RDH9 RPL3 SELE 

PRRG2 REEP6 RPL31 SELENBP2 

PRTN3 REG3A RPLP1 

SEMA3F 

(ILMN_1248740) 

PSCD3 

REG3B 

(ILMN_2705804) RPO2TC1 

SEMA3F 

(ILMN_2635631) 

PSEN2 

REG3B 

(ILMN_2887421) RPRD1B SEMA4A 

PSMD10 REG3G RPS4Y2 SERF1 

PTER RELA RRBP1 
SERPINA12 
(ILMN_2591394) 

PTK2 RETSAT RRM1 
SERPINA12 
(ILMN_1218236) 

PTPLAD1 RFC2 RRP1B SERPINA1E 

PXMP2 RFC5 RSAD2 SERPINA3F 

PYGL 

RFFL transcription 

variant 1 RTP4 SERPINA3G 

QDPR 

RFFL transcription 

variant 2 RUSC2 SERPINA3H 

RAB11FIP3 RG9MTD1 RWDD2B SERPINA5 

RAB14 RGS16 S100A8 SERPINA7 

RAB30 RGS3 S100A9 SERPINB6A 

RAB38 RHBDL2 S3-12 SETD1B 

RAI14 RIN2 SAA4 SETD8 
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SFRS1 SLC9A1 STARD5 TIRAP 

SFRS11 SLC9A3R2 STARD8 TLR2 

SFRS2 SLCO2A1 STAT1 TM2D2 

SFRS4 SLCO4A1 STAT5A TM6SF2 

SFRS7 SLPI STBD1 TMED1 

SFTPD SMAP2 STIP1 TMEM14C 

SGK1 SMC1A STX5A TMEM166 

SGK2 SMCR7 STX7 TMEM176B 

SH2B1 SMN1 SUCNR1 TMEM25 

SH3BP5L SMTNL2 SUSD4 TMEM49 

SH3GLB2 SMUG1 SUV420H1 TMEM55A 

SIPA1L1 SNAPC3 SYPL TMEM71 

SLC10A3 SNTA1 SYT12 TMEM86A 

SLC10A6 
(ILMN_2636624) SNTB2 SYVN1 TMEM98 

SLC10A6 
(ILMN_2822000) SNX24 TAF13 TNFAIP3 

SLC1A2 SOAT2 TAF3 TNFRSF1A 

SLC22A1 
(ILMN_1248318) SORD TAP2 TNFRSF21 

SLC22A1 
(ILMN_1247071) SOX9 TAX1BP3 

TNIP1 
(ILMN_2799361) 

SLC22A5 SPCS3 TAZ 

TNIP1 

(ILMN_2417863) 

SLC25A1 SPINK3 TBC1D10C TOB1 

SLC25A25 SPON2 TBP TPCN1 

SLC25A28 SPRYD4 TBRG4 TPD52L1 

SLC25A42 SQLE TCEB1 TPST1 

SLC25A45 SRD5A3 TEF TRAF3IP2 

SLC2A2 SRF TES TRAF6 

SLC30A1 SRP9 (ILMN_1260348) TEX264 
TRAFD1 
(ILMN_2727799) 

SLC35E3 SRP9 (ILMN_2779746) TFB1M 
TRAFD1 
(ILMN_2833441) 

SLC38A2 SRPK1 TFDP2 

TRAT1 

(ILMN_1229005) 

SLC39A14 SRXN1 TFF3 

TRAT1 

(ILMN_2652867) 

SLC45A3  SSFA2 TGFB1I1 TREM3 

SLC46A3  ST3GAL6 TGM2 TREX1 

SLC47A1 ST5 TGTP TRFP 

SLC4A1 ST6GAL1 THEM2 TRIB3 

SLC6A8 STAB1 THRSP TRIM26 

SLC6A9 STAB2 

TIMP1 

(ILMN_2769918) TRIM30 

SLC7A6 STAG1 

TIMP1 

(ILMN_3103896) TRIM47 
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TRP53 UHRF2 YOD1 

TRP53INP1 ULK2 ZAP70 

TRP53INP2 UNC93B1 ZBTB24 

TRP63 UNG ZBTB39 

TRUB2 UPP1 ZBTB41 

TSC22D3 UPP2 (ILMN_2458185) ZBTB7C 

TSPAN12 UPP2 (ILMN_2517656) ZC3H7A 

TSPAN14 UPP2 (ILMN_2462988) ZDHHC16 

TSPAN17 USP18 ZDHHC4 

TSPAN4 USP21 ZFC3H1 

TSSC4 USP22 ZFHX3 

TTC3 USP52 ZFP238 

TTC33 USP53 ZFP26 

TTC39A UTX ZFP277 

TTC8 UTY ZFP282 

TTPAL UXT ZFP330 

TUBB5 VAMP4 ZFP36L1 

TUBB6 VEGFB ZFP524 

TUFT1 VLDLR ZFP574 

TUSC4 VPS45 ZFP608 

TUT1 VWA2 ZFP68 

TXLNA WBP11 ZFP750 

TXNDC15 WDR1 ZFP810 

TXNL4B WDR51B ZKSCAN1 

TXNRD2 WDSOF1 ZKSCAN6 

TXNRD3 WFDC2 ZMYND11 

UBE1C WHSC2 ZSWIM4 

UBE1X WIPI1 ZYX 

UBE3B WISP1  

UBTD2 XBP1  

UCK2 (ILMN_2880529) XIST  

UCK2 (ILMN_2880536) XKR9  

UGCG XLR4A  

UGT2B36 XPO6  

UGT3A1 YIF1A  

UHRF1BP1L YIPF3  
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