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Figure S2: Pharmacokinetic study of SAFit2 comparing two formulations. The 

animals received one dose of SAFit2 formulated either in PBS supplemented with 5% 

PEG400, 5% Tween and 0.7% ethanol or as slow-release formulation in vesicular 

phospholipid gel (VPG). To assess the concentrations of SAFit2 in plasma (A) and 

brain (B), samples were collected from three mice for each indicated time point. (C) 

The table shows the calculated half-time as well as the maximum time and the 

maximum measured concentration of SAFit2. 
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Figure S3: Reduced ATF3 expression in L4 and LS DRGs of SAFit2-treated 

animals. lmmunohistochemistry staining of the neuronal stress marker ATF3. (A) 

Representative images of ATF3 stained L4 and L5 dorsal root ganglia (DRGs) at 1 OX 

magnification (scale bar: 100 µm). Samples of na"fve animals were labeled as control. 

(B) Quantification of the mean intensity per image. Data represent the mean ± SEM 

from 10 quantified images per mouse. Each condition comprises data from four mice. 

** p < 0.01, *** p < 0.001 one-way ANOVA with Tukey 's multiple comparison test. 
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Figure S4: Reduced cFOS expression in spinal cord and L4-L5 DRG slices of 

SAFit2-treated animals. lmmunohistochemistry staining of the neuronal activity 

marker cFOS. Representative images of cFOS stained spinal cord (dorsal horn (A) 

and L4-L5 dorsal root ganglia (DRGs) (B) slices at 20X magnification (scale bar: 50 

µm). Samples of na"i"ve animals were labeled as control. (C) Quantification of cFOS 

positive signals per image. (D) Quantification of the mean intensity per image. Data 

represent the mean ± SEM from 10 quantified images per mouse. Each condition 

comprises data from four mice. ** p < 0.01, *** p < 0.001, **** p < 0.0001 one-way 

ANOVA with Tukey's multiple comparison test. 
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Figure S5: Cytokines and chemokines measured in the DRGs of paclitaxel 

treated mice. After 12 days, DRGs samples were homogenized and analyzed using a 

multiplex immunoassay including a panel of 26 cytokines and chemokines. The data 

represents the mean ± SEM from 5 mice per group. The raw data was related to the 

total protein amount of the sample. 
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Figure S6: Cytokines measured in the spinal cord of paclitaxel treated mice. After 

12 days, spinal cord samples were homogenized and analyzed using a multiplex 

immunoassay including a panel of 26 cytokines and chemokines. The data represents 

the mean ± SEM from 5 mice per group. The raw data was related to the total protein 

amount of the sample. 
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Figure S7: Chemokines measured in the spinal cord of paclitaxel treated mice. 

After 12 days, spinal cord samples were homogenized and analyzed using a multiplex 

immunoassay including a panel of 26 cytokines and chemokines. The data represents 

the mean ± SEM from 5 mice per group. The raw data was related to the total protein 

amount of the sample. 
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Supplementary Methods section: DRG immunohistochemistry 

The L4 and L5 DRG samples were obtained as described in the "tissue isolation" 

method section in the main manuscript. Afterwards, the tissue samples were 

embedded in Tissue-Tek and frozen at -80 °C. For immunohistochemistry stainings, 

the frozen tissue samples were serially sliced into 12 µm tissue slices with a cryostat 

(Leica Biosystems). Next, the slices were stained according to the protocol , which is 

described in the "immunohistochemistry" method section in the main manuscript. The 

primary antibodies anti-ATF3 (sc-188, Santa Cruz) and anti-cFOS (9F3, Cell Signaling) 

were diluted 1 :50 and 1 :200, as recommended, respectively in 1 % BSA solution and 

applied for an overnight incubation at 4 °C. The primary antibody anti-FKBP51 (sc-

271547, Santa Cruz) was diluted 1 :50 as recommended in 3% BSA solution to 

minimize cross-reactivity as the host species is mouse. The secondary antibody goat 

anti-rabbit Alexa Fluor 488 (ab150077, Abeam) was diluted 1:1000 in 1 % BSA solution 

and applied for one hour at room temperature. The secondary antibodies goat anti­

mouse Alexa Fluor 488 (CF488A, Biotium) and sheep anti-mouse Cy3 (C2181, Sigma 

Aldrich) were diluted in 3% BSA solution . For quantification purposes, 10 images were 

taken per animal per staining. One treatment group comprises samples from four 

animals as for the spinal cord samples. 
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5 General discussion 

Within this thesis, the central aim was to elucidate whether SAFit2, a selective FKBP51 

inhibitor, might serve as potential novel drug candidate for the treatment of nerve injury- 

and chemotherapy-induced, especially paclitaxel-induced, neuropathic pain. This guiding 

aim was based on previous data which showed that FKBP51 deficient mice experienced 

significantly less inflammatory and chronic pain (343, 344). Moreover, the lack of efficient 

neuropathic pain therapeutics highlights a relevance for novel targets, drug candidates, and 

treatment strategies. Based on this, we analyzed the impact of SAFit2 on different 

neuropathic pain states in vivo and on pain-associated mechanisms in primary cell cultures 

and with primary tissue samples in vitro (153, 370, 371). In line with this, we discovered that 

SAFit2 might constitute as novel treatment option for nerve injury- and chemotherapy-

induced neuropathic pain as it efficiently relieved pain in both mouse models. 

5.1 SAFit2-mediated effects in nerve injury- and chemotherapy-induced 
neuropathic pain in relation to the glucocorticoid receptor signaling 

At first, the influence of SAFit2 on pain sensation was assessed in mouse models of nerve 

injury- and chemotherapy-induced neuropathic pain. Therefore, mice underwent either a 

surgery to cause a spared nerve injury or were repetitively injected with paclitaxel as 

cytostatic to induce the respective types of neuropathic pain. Afterwards, the mice were 

treated either with SAFit2 or the respective vehicle for a distinct period of time. Based on 

this, we observed an alleviation of mechanical hypersensitivity, which is defined as indication 

for persistent pain in rodents (373), after SAFit2 treatment in both neuropathic pain models 

(370, 371). Since SAFit2 gained a pain relief in two models that diverge in their initiation and 

vary in their underlying mechanisms, a SAFit2-mediated pain relief was suggested to be 

primarily mediated by an interference of SAFit2 into the disrupted FKBP51-GR interplay. 

In line with this assumption, FKBP51-mediated dysregulations in the GR signaling were 

previously suggested to contribute to the development of neuropathic pain (343, 344). 

Associated to this, the expression of glucocorticoid receptors was increased in the spinal 

cord of nerve-injured mice and in the hippocampus of focal brain-injured mice (374, 375). 

Furthermore, previous studies associated the GR signaling with an upregulation of NMDA 

receptors, which play an important role in central sensitization mechanisms, in the spinal 
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cord of nerve-injured mice. Likewise, antagonizing GRs reduced the upregulation of NMDA 

receptors after nerve injury and antagonizing NMDA receptors reduced nerve injury-induced 

hypersensitivity in rodents (376, 377). Moreover, antagonizing GRs in an ankle joint 

inflammation model significantly reduced mechanical hypersensitivity in mice (343). 

However, targeting GRs in naïve mice led to the development of mechanical hypersensitivity. 

This indicates an anti-nociceptive function of the GR signaling at basal conditions and a pro-

nociceptive role of the GR signaling in the development of inflammatory and neuropathic 

pain states (343). Based on this, the dysregulation of the GR signaling was suggested to 

mediate pro-nociceptive functions. Accordingly, previous studies indicated that an ablation 

of FKBP51, which functions as co-chaperone and downstream target of GR, established a 

constant anti-nociceptive property of the GR signaling (343, 344). According to these 

insights, counteracting the sustained upregulation of FKBP51 in neuropathic pain states 

would be beneficial for restoring GR properties and therefore ameliorating neuropathic pain. 

In line with this, SAFit2 mediated a pain relief in nerve injury- and paclitaxel-induced 

neuropathic pain states in mice (370, 371), indicating that SAFit2 efficiently interferes in the 

pathological and FKBP51-mediated dysregulation of the GR signaling (Figure 10). 

A dysregulation of the GR signaling and the associated glucocorticoid resistance may also 

play an essential role in neuropathic pain underlying mechanisms which regulate the 

development and maintenance of neuropathic pain. More specifically, the GR signaling has 

been indicated to regulate the activation of the NF-κB signaling pathway and thereby to 

modulate the transcription of cytokines under physiological conditions (378). Based on this, 

high levels of glucocorticoids can facilitate a strong anti-inflammatory response. However, 

studies postulated that in chronic and excessive inflammatory states such as those in 

neuropathic pain, FKBP51-GR homeostasis is disrupted and GR insensitivity arises (379, 380). 

In addition, pro-inflammatory cytokines are suggested to mediate such dysregulations as 

they have been shown to decrease the expression of GRs and to block the GR translocation 

into the nucleus (381). In consequence, endogenous glucocorticoids fail to resolve 

neuroinflammation or inflammation in neuropathic and chronic inflammatory pain states.  

However, this pathological glucocorticoid resistance might be resolved through an SAFit2 

application in neuropathic pain states, since counteracting and preventing the pathologically 

increased FKBP51 levels, restored FKBP51-GR homeostasis and GR sensitivity in vivo (343). 

In addition, the anti-nociceptive and anti-inflammatory properties of the GR signaling could 
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be restored with SAFit2. In line with this hypothesis, we observed decreased pro-

inflammatory cytokine levels in neuronal tissue of nerve-injured mice after SAFit2 treatment 

(Figure 10). Moreover, we observed a reduction in the NF-κB pathway activation in DRGs 

and spinal cord of nerve-injured mice after SAFit2 treatment (370). In accordance to this, a 

reconstituted GR signaling was shown to counteract an inflammation-driven and 

pathologically increased NF-κB activation (378). Beside the reduction of pro-inflammatory 

cytokines, paclitaxel-treated animals showed additionally an increase in anti-inflammatory 

cytokines like IL-10 and IL-22 after SAFit2 treatment. Likewise, the GR signaling is known to 

repress pro-inflammatory cytokines and to induce the expression of anti-inflammatory 

cytokines (382, 383), highlighting the complexity of the GR signaling. Nevertheless, these 

insights lead to the assumption that SAFit2 has the potential of restoring a physiological 

FKBP51-GR homeostasis in neuropathic pain states. 

Interestingly, the comparison of cytokine levels reveals differences between the nerve injury- 

and the paclitaxel-induced neuropathic pain model after SAFit2 treatment (370, 371). 

Notably, SAFit2 reduced pro-inflammatory cytokine levels only in nerve-injured mice and 

not in paclitaxel-treated mice (Figure 10). In addition, SAFit2 increased anti-inflammatory 

cytokine levels only in paclitaxel-treated mice. These differences might be mediated by the 

different characteristics of the models. Paclitaxel-induced neuropathic pain encompasses a 

minor inflammatory component, whereas nerve injury-induced neuropathic pain is 

characterized by an inflamed injury site. This inflamed nerve injury in turn leads to a strong 

neuroinflammation, including an enhanced release of pro-inflammatory mediators such as 

cytokines (237, 261, 265, 274, 384-386). 

In contrast to the model-dependent differences, the reduction of chemokine levels was of 

similar magnitude in DRGs and spinal cord of both models (370, 371). Chemokines are 

known to play a major role in the transmission of pain as they can directly act on sensory 

neurons and glial cells (275, 387). Furthermore, chemokines are known to activate glial cells 

and resident immune cells as well as to facilitate the migration and invasion of immune cells 

(388, 389). In particular, they serve as chemoattractants and enhance the expression of 

adhesion molecules in endothelia cells to enable a successful invasion of immune cells into 

tissue (390). Accordingly, we detected a reduced immune cell infiltration into DRGs and 

spinal cord of nerve-injured mice and a reduced glial cell activation in the spinal cord of 

paclitaxel-treated mice (Figure 10). However, we observed no alterations in the number of 
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immune cells at the site of injury, the sciatic nerve, in nerve-injured mice (370). This is of 

particular interest, as the application of glucocorticoids and the corresponding GR signaling 

are associated with systemic anti-inflammatory and immunosuppressive actions (390-392). 

In comparison, SAFit2- and glucocorticoid-mediated effects show major differences. 

Whereas glucocorticoids seem to overshoot the system and to switch a GR insensitivity 

towards a GR hyperactivation, SAFit2 seems to restore a physiological homeostasis of the 

GR signaling. This restored homeostasis was assumed after SAFit2 treatment since SAFit2 

reduced the infiltration of immune cells into DRGs and spinal cord but did not impair the 

number of immune cells at the site of injury. Thereby, systemic neuroinflammation and 

sensitization processes were reduced without effecting the resolution of inflammation at the 

site of injury. 

 

Figure 10: Summary of SAFit2-mediated effects in nerve injury- and paclitaxel-induced neuropathic pain 

models. SAFit2 significantly reduced mechanical hypersensitivity, a symptom of persistent pain, in both 

models. Furthermore, it significantly reduced levels of pro-inflammatory cytokines and pain-mediating 

chemokines in DRGs and spinal cord of nerve-injured mice. In contrast, paclitaxel-treated mice showed an 

increase of anti-inflammatory cytokines and a decrease of pain-mediating chemokines in DRGs and spinal cord 
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after SAFit2 treatment. Nevertheless, SAFit2 leads to changes in the number of activated immune cells in both 

models. Whereas SAFit2 decreases the invasion of immune cells into DRGs and spinal cord in the nerve injury 

model, SAFit2 reduces the activation of glial cells in the paclitaxel model. Notably, SAFit2 did not alter the 

number of immune cells at the site of injury, the sciatic nerve, in the nerve injury model. Moreover, SAFit2 

counteracted an enhanced NF-κB pathway activation in DRGs and spinal cord of nerve-injured mice. Besides 

this, SAFit2 seems to increase the levels of free fatty acids as well as ceramides in both models. Furthermore, it 

restored the levels of an analgesic ceramide, dihydroceramide C16, after neve injury and of anti-inflammatory 

oxylipins after paclitaxel treatment. In primary sensory neurons, SAFit2 lead to the desensitization of the ion 

channel TRPV1 and a reduced release of the neuropeptide CGRP. Orange arrows represent changes in the 

nerve injury model, whereas blue arrows display changes in the paclitaxel model. In addition, light orange 

boxes display either in vivo or ex vivo data, whereas the grey box illustrates results from primary sensory neuron 

cultures. SAFit2-mediated effects that are similar in the nerve injury- and the chemotherapy-induced 

neuropathic pain are printed in bold. The illustration was created with images from motifolio. 

The equilibrating property of SAFit2 displays a key benefit in the context of pain treatment, 

as the GR signaling displays a beneficial pathway for the regulation of anti-inflammatory and 

anti-nociceptive actions at basal levels (343). However, its homeostasis and regulation seem 

to be quickly impaired especially in the context of enhanced and chronic inflammation (343, 

380, 393, 394). Furthermore, counteracting this disbalance either with GR antagonists or 

glucocorticoids, GR agonists, resulted in either an analgesic but not anti-inflammatory or 

strong anti-inflammatory but also immunosuppressive outcome (343, 377, 395-398). In line 

with this, many studies postulated diverging effects of pain sensation, when targeting the 

GR signaling with conventional therapeutics in complex mechanisms such as 

neuroinflammation (399). These contradicting outcomes especially involve mechanisms that 

include and affect neuronal and immunological components like the activation of astrocytes 

(400). Based on this, reconstituting the FKBP51-GR homeostasis with SAFit2 seems to be a 

promising approach to target complex neuroinflammatory mechanisms in pain. 

Beside the GR signaling in chronic inflammatory states, glucocorticoids also induce 

contradictory effects in lipid metabolism. On the one hand, the acute increase of 

glucocorticoids lead to the release of stored energy like lipids, on the other hand, long term 

elevated glucocorticoid levels are associated with adipose tissue accumulation (401). 

However, the investigation of the GR signaling in the context of obesity and type II diabetes 

increases (402). In line with this, previous studies showed that FKBP51 deficient mice had 

lower lipid plasma levels, gained less body weight, and comprised less glucose intolerance 
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than wild type animals (339, 403). Nevertheless, the influence of the GR signaling on 

endogenous lipid mediators such as oxylipins is not well understood yet.  

In this work, we firstly assessed lipid levels in nervous tissue after pharmacologically 

targeting FKBP51 (Figure 10). Thereby, we observed increased poly unsaturated fatty acid 

and ceramide levels in both models after SAFit2 treatment (369, 371). Although, the role of 

ceramides is poorly understood in the mediation of neuropathic pain, we identified one 

dihydroceramide which was significantly altered after SAFit2 treatment in the nerve injury 

model. Interestingly, we observed that the C16 dihydroceramide comprises analgesic 

properties as it desensitized the pain-mediating TRPV1 channel in vitro as well as reduced 

thermal hypersensitivity in a capsaicin mouse model (369). Based on this, we firstly revealed 

a lipid mediator that is restored by SAFit2 after nerve injury. Beside the C16 dihydroceramide, 

we also observed an increase in PUFAs in DRGs and spinal cord in both neuropathic pain 

models, highlighting especially the increase of docosahexaenoic acid (DHA) (369, 371). DHA 

is known as an anti-inflammatory PUFA which is significantly reduced after nerve injury and 

restored to a sham comparable level after SAFit2 treatment (369). In the paclitaxel model, 

DHA levels are even increased after SAFit2 treatment compared to the respective vehicle 

control. Moreover, we observed elevated DHA oxylipin levels, which are precursors for SPMs 

such as resolvins, after SAFit2 treatment in paclitaxel-treated mice (371). Based on these 

results among others, we assume that SAFit2 might cause a shift in lipid distribution towards 

an anti-inflammatory lipid profile and thereby contributes to the resolution of neuropathic 

pain. 

In summary, SAFit2 led to an amelioration of mechanical hypersensitivity in both nerve 

injury- and paclitaxel-induced neuropathic pain mouse models. Furthermore, it reduced 

signs of neuroinflammation like the reduction of pro-inflammatory mediators or the 

activation of glial cells. Lastly, SAFit2 increased anti-inflammatory lipid mediators in nerve 

injury- and paclitaxel-induced neuropathic pain mouse models, highlighting its 

comprehensive and multimodal regulation in the context of neuropathic pain. 
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5.2 The influence of SAFit2 on TRPV1 sensitization and the phosphatase  
calcineurin 

Besides the promising in vivo effects of SAFit2, we observed in vitro that SAFit2 desensitizes 

the pain-mediating TRPV1 channel probably by decreasing its phosphorylation state (370). 

The dephosphorylation of TRPV1 is mainly mediated by the phosphatase calcineurin in 

sensory neurons (404, 405). In line with this, we observed that the calcineurin inhibitor 

cyclosporine reversed the SAFit2-mediated desensitization of TRPV1 in primary sensory 

neurons (370). Based on this, we investigated the influence of SAFit2 on calcineurin in vitro, 

detecting that SAFit2 enhanced the calcineurin-mediated phosphate release (370). Based on 

this insight, we suggest that SAFit2 desensitizes the pain-mediating TRPV1 channel in a 

calcineurin dependent manner. Although these findings would be beneficial in the context 

of pain and would contribute to a pain relieve in vivo, this data also raised the question 

whether an increased calcineurin-mediated dephosphorylation of TRPV1 might be an off-

target effect of SAFit2. 

To address this question, the molecular structure of SAFit compounds, which was developed 

on the molecular basis of FK506, has to be considered (367, 406). FK506 is predominantly 

known for its immunosuppressive function, mediating the inhibition of calcineurin (407, 408). 

However, the immunosuppressive capacity of SAFit compounds was neglected in different 

stimulation assays (367, 409). In those assays, SAFit compounds neither impaired T cell 

activation nor T cell cytokine secretion, highlighting that SAFit compounds have no 

immunosuppressive capacity (367). Nevertheless, elucidating whether the calcineurin-

mediated TRPV1 desensitization is an on- or off-target effect of SAFit2, becomes a 

challenging issue, since the regulation of calcineurin is multifarious (Figure 11). Furthermore, 

the influence of uncomplexed FKBP51 on calcineurin is not fully discovered as only one 

group proposed the direct inhibition of calcineurin by FKBP51 (410). However, the inhibition 

of calcineurin by the complex of FKBP1-FK506 was confirmed in various studies (411-414). 

In line with that, the concept of scavenging either FKBP51 or minimizing the complex of 

FKBP51-FK506 with SAFit2 would support the assumption of a FKBP51 dependent effect, 

since SAFit2 directly competes with FK506 in the binding of FKBP51. This assumption was 

supported by the results which showed that a SAFit2-mediated desensitization of TRPV1 

could be reversed by the inhibition of calcineurin in primary sensory neurons (370). 
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Beside the strong expression of FKBP51 in adipocytes and muscles, it has also been shown 

to be highly expressed in the brain (340). Within the brain, FKBP51 is predominantly linked 

to many neurological disorders which are caused by a disruption of the GR signaling and 

will be discussed in a following chapter (321, 437). Beside neurological disorders, FKBP51 

was associated to autophagy-mediated processes which play an important role in 

Huntington disease (438-440). Huntington disease is a rare condition that is predominantly 

described by the loss of neurons in the CNS and is mediated by a modification of the 

huntingtin (HTT) gene (441, 442). In addition, lowering the levels of the mutant HTT (mHTT) 

protein was shown to ameliorate Huntington disease (437). However, FKBP51 was suggested 

to mediate a conformational change in mHTT that prevents an autophagy-driven clearance 

of this protein (437). In line with this, lowering FKBP51 levels by pharmacologically targeting 

FKBP51, lowered the levels of the mutant HTT (mHTT) protein in vitro and in vivo (437). 

Associated to this, FKBP51 was shown to be involved in the complex regulation of autophagy 

in the hippocampus. Neither the complete deficiency nor an overexpression of FKBP51 led 

to a functional autophagy signaling (439). Exclusively moderate levels of FKBP51 were able 

to facilitate a functional autophagy signaling (439). In summary, an autophagy signaling can 

only be facilitated at basal levels of FKBP51 which seems to be restored via targeting FKBP51 

with SAFit2. Based on this, targeting FKBP51 to restore autophagy reveals a novel and 

interesting treatment field since disrupted autophagy is linked to many disorders and 

diseases (443-445). 

In addition to the suggested involvement of FKBP51 in autophagy, FKBP51 has been shown 

to comprise an essential role in the context of cancer. Furthermore, FKBP51 was postulated 

as biomarker for cancer by several studies (446-450), although the expression of FKBP51 is 

controversially discussed in several cancer types. Likewise, a hyperexpression of FKBP51 was 

recorded in many cancer types such as lymphomas, gliomas, melanoma, idiopathic 

myelofibrosis, skin melanoma, colon cancer, ovary cancer and prostate cancer (449-452). 

However, a downregulation of FKBP51 was identified in pancreatic cancer and breast cancer 

(453-455). The diverging expression levels of FKBP51 in different cancer types has been 

mainly suggested to depend on the originating cell type and the associated underlying 

mechanism (352, 449). Based on this, elucidating the underlying mechanisms of FKBP51 in 

the respective cancer types is crucial for targeting FKBP51 in the context of chemotherapy-
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induced neuropathic pain. Therefore, suggested mechanisms are described in the following, 

starting with cancer types that are linked to an FKBP51 overexpression. 

In the case of prostate cancer, the signaling of the androgen receptor becomes particularly 

important. Although FKBP51 represses the activity of GR and PR, it enhances the 

transcriptional activity of AR (325, 446). In fact, FKBP51 promotes the recruitment of the co-

chaperone p23 to the HSP90 complex and thereby facilitates the expression of AR target 

genes, resulting in cell growth (456). Furthermore, FKBP51 itself displays a target gene of the 

androgen receptor, forming a short positive feedback loop (457). Based on this, FKBP51 

stimulates tumor progression in prostate cancer which reveals FKBP51 as additional target 

beside common treatment strategies such as irradiation and chemotherapy (446, 456, 458). 

In line with FKBP51 as cancer target, studies reported a FKBP51-mediated resistance towards 

chemotherapeutics such as taxanes in ovarian cancer cells (352, 450, 453). Furthermore, 

silencing FKBP51 in those cells increased the sensitivity and efficiency of paclitaxel as 

cytostatic (459). These insights highlight a promising treatment strategy of targeting FKBP51 

in paclitaxel-treated ovarian and prostate cancer patients with CIPN, enabling both an 

efficient cancer treatment and a reduction of CIPN. 

Beside prostate and ovarian cancer, studies identified FKBP51 as a beneficial target in 

melanoma and lymphoblastic leukemia cancers based on other underlying mechanisms. 

Those studies identified that irradiating or chemically treating these cancer types, increased 

the activation of the NF-κB signaling pathway, while FKBP51 is overexpressed (446). 

However, counteracting the FKBP51 overexpression in turn reduced the activation of the NF-

κB signaling and thereby increased their sensitivity towards irradiation and chemical 

treatment (355, 357, 364, 451, 460). Furthermore, a study revealed that silencing FKBP51 in 

melanomas reduced their growth, metastasis, and angiogenesis in a xenograft model (356). 

Another cancer type, in which the NF-κB signaling plays an essential role, is the ulcerative 

colitis-associated colorectal cancer as it is developed from a chronic inflammatory state 

(461). Based on this and in line with data from other NF-κB-related cancers, FKBP51 was 

postulated as biomarker for the development of colorectal cancer to predict the survival rate 

of patients (462). Thereby, an increased FKBP51 expression worsens the prognosis of patients 

(462). In summary, targeting FKBP51 seems to contribute to an efficient cancer treatment in 

NF-κB signaling related cancer types. 
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In contrast, FKBP51 was shown to play an essential role in breast cancer patients. Breast 

cancer patients show decreased FKBP51 levels in tumor tissue and 70% of breast cancer 

patients have an enhanced estrogen receptor alpha (ERα) expression and activity (463). 

Unfortunately, ERα interacts with the HSP90 complex and promotes cell proliferation upon 

transcriptional activity (464). FKBP52 was shown to enhance the ERα-HSP90 complex 

stability, whereas FKBP51 does not (454). Moreover, FKBP52 was shown to interact with the 

breast cancer susceptibility gene 1 (BRCA1) which monoubiquitinates ERα and thereby 

prevents its proteasomal degradation (454, 465). In addition, the deletion of FKBP51 was 

shown to increase the stability of ERα (454). Based on these insights, targeting FKBP51 in 

breast cancer patients with CIPN should be avoided until it is discovered whether targeting 

FKBP51 with SAFit2 or analogues affects the stability of ERα. 

Another cancer type which displays low FKBP51 expression is pancreatic cancer (453). In this 

cancer type, FKBP51 expression was related to a decreased tumor progression, since FKBP51 

represses the proliferation-related AKT pathway (466). However, AKT has different isoforms, 

whereas only AKT1 is related to the regulation of cell cycle and proliferation (340). 

Furthermore, it has been proven that SAFit2 and its analogues do not interfere in the 

FKBP51-mediated repression of AKT1 as SAFit2 binds to the binding pocket of FK1 in FKBP51 

without sterically impairing its interaction with AKT1 (467). In line with this, targeting FKBP51 

pharmacologically with SAFit2 for treating CIPN in AKT1-related cancer types should not 

enhance AKT-mediated tumor progression. 

In summary, all these insights reveal a tissue specificity of FKBP51-mediated effects as its 

expression varies between tissues as well as the expression of its antagonistic homolog 

FKBP52 (340, 468). Furthermore, the interaction of FKBP51 with tissue specifically expressed 

AKT isoforms was controversially discussed in literature (308, 323, 339, 453, 467). Until now, 

FKBP51 has been proposed to interact with AKT1 and AKT2, but not with AKT3. AKT3 is 

predominantly expressed in the brain, whereas AKT2 is expressed mainly in muscles and fat, 

where it regulates glucose homeostasis, and AKT1 has postulated to be widely expressed 

and to regulate cell proliferation (340). Furthermore, SAFit2 and its analogues have been 

shown to not interfere in the FKBP51-mediated repression of AKT1, whereas they seem to 

prevent the FKBP51-mediated repression of AKT2, based on the recent data (340, 424, 467). 

However, the interaction of FKBP51 with AKT2 in the presence of FKBP51 inhibitors is 

controversially discussed and has to be investigated in further studies. In conclusion, FKBP51 
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seems to be a promising target in many pathologies such as pain, obesity, diabetes and 

cancer with FKBP51 overexpression, while targeting FKBP51 could be problematic in disease 

states like muscle atrophy and breast cancer. Furthermore, unexplored interaction partners 

of FKBP51 have to be further identified to reduce the risk of side effects. 

5.4 SAFit2 as novel treatment option for pathological disorders especially 
neuropathic pain? 

To date, SAFit2 represents the gold standard for pharmacologically targeting FKBP51 from 

over 400 other SAFit analogues, as it comprises the best overall profile concerning selectivity, 

affinity as well as pharmacokinetic and ADME (adsorption-distribution-metabolization-

excretion) properties (406). Admittedly, other SAFit analogues showed singly improved 

parameters, but they did not perform comparably to SAFit2 in multiple parameters (406). 

SAFit2 comprises a binding affinity around 6 nM towards FKBP51, which is 10,000 times more 

selective than for its homologue FKBP52, making it a highly specific FKBP51 inhibitor (367). 

Nevertheless, SAFit2 additionally comprises affinity for FKBP12 and FKBP12.6, which is two 

times increased and four times lower than for FKBP51, respectively (469). FKBP12 is known 

to mediate immunosuppression in complex with FK506 through the inhibition of calcineurin 

(470). However, a study by Gaali et al. identified that SAFit1 does not repress T cell activation 

and cytokine production at 100 nM in vitro, which is a common effect of complexed FKBP12 

(367, 471). Nonetheless, SAFit1 shows 10 times less cell permeability than SAFit2 in a Caco2 

assay from Eurofins (469). Based on these insights, the influence of SAFit2 on FKBP12-

mediated processes should be validated in vitro. Furthermore, evaluations of SAFit2-

mediated effects should consider an FKBP12 involvement. 

Besides the affinity for FKBP12, SAFit2 comprises an appreciable affinity for FKBP12.6. 

Although less is known about FKBP12.6, it was discussed to interact with the ryanodine 

receptor type two which is predominantly expressed in cardiac muscles (472). In addition, 

one study showed that FKBP12.6 dysfunctions can contribute to a disruption in the calcium-

induced calcium release (CICR) system in situ (473, 474). The CICR system facilitates regular 

heart contractions, implicating that CICR system disruptions could lead to disruptions in 

calcium waves and arrhythmias (474). In contrast, an in vivo study showed that FKBP12.6 

deficient mice did not develop any arrhythmias (475). However, chronic stress was shown to 

induce anxiogenic behavior in mice and to destabilize the binding of FKBP12.6 to ryanodine 
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receptor type two. This behavioral outcome could be prevented by the treatment with a tool 

compound, which stabilizes the interaction of FKBP12.6 and the ryanodine receptor (476). In 

summary, previous findings highlight a possible risk of SAFit2 treatment, since its impact on 

FKBP12.6 and FKBP12.6 interactions is not elucidated yet. Nevertheless, focusing on the 

cardiovascular impact, a cardiac toxicity test revealed that SAFit2 only marginally affects QT 

prolongation in vitro. In addition, only exceedingly high concentrations of SAFit2 around 

10 µM, which are not reached in vivo, induced a tail current inhibition of 21.4% (406). Based 

on these insights and numerous in vivo studies, which also include chronic SAFit2 treatments, 

no SAFit2-mediated toxicity was reported (424, 477-484). However, for a further drug 

development, formal toxicity studies have to be performed. 

In addition to SAFit2 specific targets, a broad screen, including 45 CNS-relevant drug targets, 

was performed to identify potential off-targets of SAFit2. The sigma two receptor was 

revealed as first off-target with an inhibitory constant of 226 nM (406). Sigma receptors are 

predominantly expressed in neuronal tissue und comprise remarkably similar binding 

pockets (485). Although their particular function is not discovered in detail yet, they display 

promising targets for the treatment of neurodegenerative disorders (486, 487). Furthermore, 

antagonists for both sigma receptors, one and two, are currently under investigation in 

clinical or preclinical studies (486). Based on this, inhibiting the sigma two receptor with 

SAFit2 seems not to raise any safety issues, but rather extend treatment possibilities for 

SAFit2. Secondly, the histamine receptor four was identified as off-target of SAFit2 with a 

low inhibition constant (Ki) of 3382 nM (406). The histamine receptor four is a GPCR that 

comprises a high affinity for histamine and was shown to mediate chemotaxis and migration 

in eosinophils and dendritic cells (488, 489). Moreover, the histamine receptor four is 

suggested as target for many allergy-driven diseases like asthma and pruritus but also for 

chronic pulmonary diseases, dermatitis and psoriasis (489). In conclusion, both off-targets 

of SAFit2 have been revealed as targets for other diseases and do not implicate a risk of 

developing any severe side effects (487, 490). 

Another essential off-target and inhibitory function of SAFit2 is the inhibition of the CYP3A4, 

inhibiting already 58.1% of CYP3A4 at 1 µM (406). The CYP3A4 is the most abundant CYP 

enzyme with building up one third of the CYP enzymes in the liver. Likewise, CYP3A4 displays 

the most clinically relevant drug metabolizing enzyme (491). The inhibition of CYP3A4 

reduces the metabolism and clearance of numerous drugs which leads either rapidly to 



 

General discussion  172 

toxicity and overdosing or to an impaired efficiency of prodrugs (492). Therefore, the co-

administration of SAFit2 with any other drug may lead to pharmacokinetic interactions due 

to the strong inhibitory effect of SAFit2 on CYP3A4. Regarding the treatment of paclitaxel-

induced neuropathic pain, it has to be taken into account that paclitaxel itself comprises cell 

and neurotoxic properties that could be enhanced by co-treating with SAFit2, since paclitaxel 

is partially metabolized via the CYP3A4 (493). Based on this, a reduction of CYP3A4 inhibition 

should be achieved for further optimized clinical lead compounds. Associated to drug 

metabolization, it is yet unexplored how SAFit2 is metabolized and whether SAFit2 

metabolites might have toxic properties (406). However, referring to the previously discussed 

SAFit2 toxicity, SAFit2 metabolites are suggested to be non-toxic, since chronic treatment 

with SAFit2 over 30 days and very high doses of 100 mg/kg (unpublished data) did not reveal 

evidence for any toxicity (406, 424). Nevertheless, the maximal tolerated dosage of SAFit2 is 

unknown. 

Beside metabolization and toxicity, the distribution of SAFit2 was elucidated in 

pharmacokinetic studies which comprised different formulations and dosages of SAFit2 (367, 

371). These revealed a half-life time of SAFit2 of around nine hours in plasma levels and a 

high volume of distribution with standard formulation (367, 406). A high volume of 

distribution describes the property of a drug to enter extravascular compartments, meaning 

that a higher dose is required to achieve high plasma levels (494). In line with this, a moderate 

brain permeability of SAFit2 was discovered (367). However, SAFit2 concentrations in other 

tissues such as muscles and fat remain unknown and should be investigated in the future 

based on the high distribution volume of SAFit2. Nevertheless, a study could show that 

treating animals with 20 mg/kg two times daily resulted in stable plasma levels between 

1500-2000 ng/ml (424). However, to gain stable plasma concentrations repetitive injections 

of SAFit2 are still necessary, since it is not orally administrable until now (406). Based on this, 

the bioavailability of future analogues and lead compounds should be improved. 

Independent from the improvable pharmacological profile of SAFit2, it has been shown to 

readjust the balance between FKBP51 and FKBP52 in a neuronal cell line and in primary 

hippocampal neurons, leading to an enhanced neurite outgrowth (367, 476, 478). 

Interestingly, FKBP51-deficient neurons did not show an enhanced neurite outgrowth, 

indicating that especially the balance between FKBP51 and FKBP52 facilitates this 

mechanism in neurons (476). In line with this, various studies identified FKBP51 and 
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especially FKBP51 dysregulations, which can be either induced by chronic stress or caused 

by SNPs, as driver of several disorders (329, 335, 336, 363, 466, 495). However, SAFit2 has 

been shown to successfully address these dysregulations, since SAFit2 readjusted and 

enhanced the glucocorticoid receptor sensitivity to enable a negative feedback loop towards 

the HPA axis and thereby reduced corticosterone levels at peak times of secretion (476).  

Associated to these counteracting properties of SAFit2, administration of SAFit2 has been 

shown to prevent stress-induced behavior such as social avoidance and anxiety like behavior 

in mice and rats (477, 496). These behaviors are highly predominant in psychiatric disorders 

that are stress induced like depression, post-traumatic stress disorder, and schizophrenia 

(477, 497, 498). Beside this anxiety like behaviors, SAFit2 was shown to reduce stress-related 

alcohol consumption and preference in rodents (481, 499). Furthermore, SAFit2 has been 

shown to limit cocaine re-abuse in male rats, indicating SAFit2 as approach for treating 

substance abuse disorders (500). This property might also be beneficial in the context of 

pain, since opioids are less used for pain treatments due to the high risk of abuses, although 

they are efficiently analgesic (297, 501).  

In the context of cancer, SAFit2 was additionally shown to improve cancer treatments as it 

counteracts the pathological outcomes of FKBP51 overexpression in several cancer types 

(406, 502). Likewise, overexpression of FKBP51 was shown to enhance proliferation, mediate 

irradiation and chemotherapy resistance and very recently to protect tumors from their 

immune environment (354, 446, 503-505). In line with this, SAFit2 was shown to counteract 

immune evasion of glioblastomas by reducing the expression of programmed cell death 

ligand-1 (PD-L1) (482). Based on this, SAFit2 reduced tumor growth and activated apoptosis 

in glioblastomas in vitro as well as in a glioblastoma xenograft model in vivo (482), revealing 

SAFit2 as beneficial treatment in the management of cancer. In summary, SAFit2 seems to 

be a very promising drug precursor for the treatment of many diseases such as stress-related 

disorders, psychiatric disorders, substance abuse and cancer.  

In comparison to first-line treatments for neuropathic pain such as amitriptyline and 

pregabalin, SAFit2 comprises a broad spectrum of neuroinflammatory effects. Moreover, 

SAFit2 mediates a quite efficient pain relief in nerve injury-induced and paclitaxel-induced 

neuropathic pain in mice, whereas human data is not existing yet (370, 371). In contrast, 

amitriptyline achieved no pain relief in chemotherapy-induced neuropathic pain states in 
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humans (506). Nevertheless, amitriptyline revealed overall a relatively low NNT (number 

needed to treat) around three to four, indicating that three patients have to be treated with 

amitriptyline to gain a 50% pain relief (507). However, the distinct mechanism of action of 

amitriptyline is relatively unknown, since the antidepressant drug is used off-label. Likewise, 

amitriptyline is not suggested to relieve pain via its unselective serotonin and noradrenalin 

reuptake inhibiting function, but rather through off-target effects including the inhibition of 

voltage-dependent sodium channels and the activation of potassium channels. Furthermore, 

amitriptyline comprises several other interaction partners like muscarine, histaminergic and 

dopaminergic receptors, indicating a high unspecificity of amitriptyline (492). In contrast, 

pregabalin was developed as voltage-dependent calcium channel blocker for the treatment 

of neuropathic pain, inhibiting the release of neurotransmitters like glutamate, noradrenalin, 

and substance P (508). However, pregabalin comprises a NNT around seven to eight, besides 

several side effects like amitriptyline as well and an increasing risk of abuses (507, 509, 510). 

Based on this, even recommended first-line treatments for neuropathic pain display either a 

lack of specificity or a low efficacy and comprise a lot of severe side effects. Hence, SAFit2 

displays promising properties as drug precursor for neuropathic pain, although it has to be 

further optimized in pharmacological parameters for a clinical usage. 

5.5 Future perspectives and conclusion 

Beside the beneficial effects of SAFit2 in psychiatric disorders, substance abuse, cancer and 

neuropathic pain, the influence of SAFit2 or analogues has not been investigated in 

neurological disorders such as Parkinson disease and Alzheimer disease (352, 363, 437, 511). 

However, those diseases have been associated with FKBP51 and FKBPs in general, 

highlighting further approaches of targeting FKBP51 with either SAFit2 or future improved 

analogues. Furthermore, SAFit2 efficiently restored glucocorticoid sensitivity in vivo, 

indicating SAFit2 as potential co-treatment for glucocorticoids to prevent the development 

of a glucocorticoid resistance (353, 476). Glucocorticoids are given in various diverging 

inflammatory diseases such as multiples sclerosis, rheumatoid arthritis or asthma (512). 

Notably, the inflammatory component of respective diseases points out another treatment 

option for SAFit2, since increased FKBP51 levels have been shown to activate the NF-κB 

signaling pathway, leading to the expression of numerous pro-inflammatory cytokines (308, 

353). However, SAFit2 was shown to counteract this enhanced activity and to reduce pro-
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inflammatory cytokine expression, beside restoring glucocorticoid sensitivity (370). Based on 

this, SAFit2 might be a potential drug candidate for the treatment of various diseases 

comprising an inflammatory component independently from their occasion. 

Altogether, the involvement of FKBP51 has been identified in numerous diseases. In line with 

this, the upregulation of FKBP51 was described in different pathological pain forms, 

especially in neuropathic pain states. Neuropathic pain occurs after nerve lesions and is only 

barely treatable due to inadequate treatment options, highlighting the need of novel targets 

and potential drug candidates for neuropathic pain. In this study, it was observed that SAFit2, 

the recent gold standard for targeting FKBP51, ameliorates nerve injury- and paclitaxel-

induced neuropathic pain in mice. Furthermore, it was observed that SAFit2 counteracted 

neuroinflammation in both mouse models and increased pro-resolving lipid mediator levels 

in peripheral nervous tissue. In summary, targeting FKBP51 with SAFit2 or future improved 

analogues seems to be a promising approach for efficiently relieving neuropathic pain after 

nerve injury and paclitaxel treatment. Furthermore, the influence of SAFit2 on other 

neuropathic pain types seems to be promising, but has to be investigated separately, since 

the underlying mechanisms of different neuropathic pain forms are divergent. However, 

selectivity, pharmacological profile and bioavailability of SAFit2 have to be further optimized 

in order to develop a clinical lead compound.  
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Figure 1: Nociception in physiological pain. Noxious stimuli (thermal, mechanical, or 

chemical) are recognized by nociceptors at terminal endings of sensory neurons. The 

respective nociceptors transduce high-threshold stimuli into electric signals via the 

influx of cationic ions such as calcium. Next, the electric signal is conveyed via the cell 

bodies of sensory neurons, located in the dorsal root ganglia (DRGs), to the dorsal horn 

of the spinal cord. In the spinal cord, the signal reaches the first synaptic transmission 

and is processed. Afterwards, the signal is further transduced via ascending fibers into 

the brain to the somatosensory cortex. In the somatosensory cortex, the signal is finally 

processed and converted into a protective response which is then send via descending 

pathways to the executing organ. The illustration was created with images from 
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Figure 2: Pain transmission in pathological nociceptive pain. Upon tissue damage, 

sensitization processes such as peripheral sensitization are established to prevent the 

body from further tissue damage and to enable a successful wound healing. Therefore, 

resident immune cells like mast cells and macrophages release pro-inflammatory 

mediators. These in turn recruit immune cells which release further mediators such as 

cytokines, chemokines, and nerve growth factors. Beside immune cells, sensory neurons 

additionally release mediators such as lipids and neuropeptides that contribute to the 

inflammatory soup and mediate a crosstalk between neurons and immune cells. The 

inflammatory soup leads to the sensitization of nociceptors and an increased calcium 

response upon stimuli, resulting in an enhanced action potential firing and a 

pathologically increased pain response. The illustration was created with images from 
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Figure 3: Structure of the TRPV1 channel. The TRPV1 channel is composed of four 

subunits building a tetramer as all members of the TRP channel family (bottom left). One 

subunit of the homotetramer consists of six transmembrane domains from which 

domains five and six build up the conducting pore with the respective domains of the 

other subunits (top right). Both the amino and carboxy terminal of the channel are 

located intracellularly and comprise six ankyrin repeat domains and a TRP box domain, 
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respectively. Furthermore, several phosphorylation sites, consisting of serine and 

threonine, are located along both terminal ends that can in turn be phosphorylated by 

protein kinase A and C or CaMKII. In addition, each terminal end provides a calmodulin 

(CaM) binding site. The TRPV1 channel can be activated by noxious heat stimuli, protons 

that act on glutamic acid residues (indicated at the extracellular loops) and capsaicin 

that was proposed to bind close to the fourth transmembrane domain. The illustration 

was created with images from motifolio. .......................................................................................... 7 

Figure 4: Structure of the murine TRPA1 channel. The TRPA1 channel is composed of four 

subunits that build a tetramer (bottom left). One subunit comprises six transmembrane 

domains from which domains five and six build up the conducting pore with the 

respective domains of the other subunits (top right). The amino terminal of the murine 

TRPA1 channel consists of 14 ankyrin repeat domains and several phosphorylation sites. 

Furthermore, the amino terminal comprises a suggested binding region for electrophilic 

agonists. In contrast menthol was predicted to bind near the fifth transmembrane 

domain. The carboxy terminal comprises predominantly a large voltage sensitive domain 

and provides a calmodulin (CaM) binding site. The illustration was created with images 

from motifolio. ............................................................................................................................................. 9 

Figure 5: PUFA release by the phospholipase A2 from cellular membrane. 

Polyunsaturated fatty acids (PUFAs) can be released by the phospholipase A2 from the 

cellular membrane. Thereby, phospholipase A2 hydrolyses the second esther bond of 

glycerophospholipids, liberating a lysophospholipid and a PUFA. Furthermore, PUFAs 

can be converted into other PUFAs upon elongation and desaturation processes. 

However, the depicted direction of PUFA conversion serves only for explanatory 

purposes and does not implicate that e.g. arachidonic and docosahexaenoic acid cannot 

be incorporated into cell membranes. The molecular structures were drawn with 

ChemSketch and the lipid bilayer was modified and originates from motifolio. ............. 14 

Figure 6: Enzymatic reactions catalyzed by LOX, CYP and COX enzymes. The iron 

containing lipoxygenases (LOX enzymes) generate hydroperoxyl fatty acids under 

incorporation of one oxygen molecule. Cytochrome-P450-epoxygenases (CYP enzymes) 

catalyze epoxygenase and hydroxylase activities in dependency of iron ions, attaching 

either an epoxide group, preferentially to the double bond closest to the amino group, 
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or a terminal hydroxyl group, respectively. Cyclooxygenases (COX enzymes) catalyze the 

generation of predominantly bicyclic hydroperoxides under the incorporation of two 

oxygen molecules. The oxidized metabolites generated from the respective PUFA are 

depicted per enzyme. The molecular structures were drawn with ChemSketch. ............. 18 

Figure 7: Structure of FKBP51. FKBP51 comprises a FK1 domain at the amino terminal 

(brown), an FK2 domain at the center (yellow) and a TRP domain at the carboxy terminal 

(green). The crystallographic structure was taken from the RSCB database (PDB-ID: 1KT0) 

and colored as well as labeled individually (306). ........................................................................ 29 

Figure 8: Structure of SAFit2 and SAFit2 bound to FK1 of FKBP51. (A) Molecular 

structure of SAFit2 with indicated Cα which facilitates the conformational change in 

FKBP51. (B) Crystallographic structure of the FK1 domain of FKBP51 bound to SAFit2. 

The FK1 domain is colored in brown and SAFit2 in blue. The arrow indicates the 

displacement of phenylalanine 67 (green) due to the binding of SAFit2. The molecular 

structure was drawn with ChemSketch and the crystallographic structure was taken from 

the RSCB database (PDB-ID: 6txx) (372). ......................................................................................... 32 

Figure 9: Illustration of aims scheduled within this thesis. To address the central question 

whether SAFit2 constitutes as potential novel treatment option for nerve injury- and 

paclitaxel-induced neuropathic pain, we firstly measured the mechanical hypersensitivity 

of mice as neuropathic pain behavior in both neuropathic pain models after SAFit2 

treatment. Furthermore, lipid levels, cytokine and chemokine levels, the number of 

invading immune cells and the activation of glial cells was analyzed in dorsal root ganglia 

and spinal cord samples. In addition, we investigated the sensitization state of different 

pain-mediating TRP channels after SAFit2 treatment via calcium transients in primary 

sensory neurons and assessed related underlying mechanisms. The illustration was 

created with images from motifolio. ................................................................................................ 33 

Figure 10: Summary of SAFit2-mediated effects in nerve injury- and paclitaxel-induced 

neuropathic pain models. SAFit2 significantly reduced mechanical hypersensitivity, a 

symptom of persistent pain, in both models. Furthermore, it significantly reduced levels 

of pro-inflammatory cytokines and pain-mediating chemokines in DRGs and spinal cord 

of nerve-injured mice. In contrast, paclitaxel-treated mice showed an increase of anti-
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inflammatory cytokines and a decrease of pain-mediating chemokines in DRGs and 

spinal cord after SAFit2 treatment. Nevertheless, SAFit2 leads to changes in the number 

of activated immune cells in both models. Whereas SAFit2 decreases the invasion of 

immune cells into DRGs and spinal cord in the nerve injury model, SAFit2 reduces the 

activation of glial cells in the paclitaxel model. Notably, SAFit2 did not alter the number 

of immune cells at the site of injury, the sciatic nerve, in the nerve injury model. 

Moreover, SAFit2 counteracted an enhanced NF-κB pathway activation in DRGs and 

spinal cord of nerve-injured mice. Besides this, SAFit2 seems to increase the levels of 

free fatty acids as well as ceramides in both models. Furthermore, it restored the levels 

of an analgesic ceramide, dihydroceramide C16, after neve injury and of anti-

inflammatory oxylipins after paclitaxel treatment. In primary sensory neurons, SAFit2 

lead to the desensitization of the ion channel TRPV1 and a reduced release of the 

neuropeptide CGRP. Orange arrows represent changes in the nerve injury model, 

whereas blue arrows display changes in the paclitaxel model. In addition, light orange 

boxes display either in vivo or ex vivo data, whereas the grey box illustrates results from 

primary sensory neuron cultures. SAFit2-mediated effects that are similar in the nerve 

injury- and the chemotherapy-induced neuropathic pain are printed in bold. The 

illustration was created with images from motifolio. ............................................................... 159 

Figure 11: The SAFit2-FKBP51 network depicted as influencing factors of calcineurin 

and TRPV1 desensitization. The influence of FKBP51 on the activity of the phosphatase 

calcineurin is controversially discussed in literature. However, both the complex of 

FKBP51 and FK506 as well as FK506 alone have been shown to inhibit the activity of 

calcineurin, whereas SAFit2 or analogues either have no effect on the activity of 

calcineurin or increased the calcineurin-mediated phosphate release. Furthermore, 

calcineurin was shown to mediate the dephosphorylation and subsequent 

desensitization of TRPV1 in primary sensory neurons. In line with this, SAFit2 and 

analogues also showed a desensitization of TRPV1 in sensory neurons. However, 

unspecific FKBP51 inhibitors as well as ddSAFit2, a chiral and biological inactive 

analogue, did not. Blocking lines indicate an inhibitory effect, arrows an inducing effect 

and straight lines illustrate neither an induction nor inhibition. Black lines indicate results 

from literature, whereas orange lines indicate insights from this work. ........................... 163 
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AMPA amino-3-hydroxy-5-methylisoxazole-4-propionic acid 

AP-1 activator protein 1 

AR androgen receptor 

AS160 AKT substrate of 160 kDa 

Ask1 apoptosis signal-regulating kinase 1 

ATP adenosine triphosphate 

BDNF bone derived neurotrophic factor 

CaM calmodulin 

cAMP cyclic adenosine monophosphate 

CCL C-C motif ligand 

CCR C-C motif chemokine receptor 

CGRP  calcitonin gene-related peptide 

CICR calcium-induced calcium release 

CIPN chemotherapy-induced peripheral neuropathy 

CNS central nervous system 

COX cyclooxygenase 

cPLA2 cytosolic PLA2 

CREB cAMP response element-binding protein 

CSF1 colony-stimulating factor 1 

CXCL chemokine C-X-C motif ligand 

CYP cytochrome-P450-epoxygenases 

DGLA dihomo-gamma-linolenic acid 

DHA docosahexaenoic acid 

DiHDPAs dihydroxydocosapentaenoic acids 

DiHOME dihydroxy-octadecenoic acid 

DRG dorsal root ganglia 

EDPs epoxydocosapentaenoic acids 

EEQs epoxyeicosatetraenoic acids 

EETs expoxyeicosatrienoic acids 

EPA eicosapentaenoic acid 

EpOMEs epoxyoctadecenoid acids 

ER estrogen receptor 
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ERα estrogen receptor alpha 

FKBP51 FK506 binding protein 51 

GFAP glial fibrillary acidic protein 

GLUT4 glucose transporter 4 

GPCRs G protein coupled receptors 

GR glucocorticoid receptor 

HEPEs hydroxyeicosapentaenoic acids 

HETE hydroxyeicosatetraenoic acids 

HETrEs hydroxyeicosatrienoic acids 

HODEs hydroxyoctadecadienoic acids 

HOTrEs hydroxyoctadecatrienoic acids 

HPA hypothalamic–pituitary–adrenal 

HpEPEs hydroperoxyeicosapenataenoic acids 

HpETEs hydroperoxyeicosatetraenoic acids 

HSP90 heat shock protein 90 

HTT huntingtin gene 

IASP international association for the study of pain 

IBA1 ionized calcium-binding adaptor molecule-1 

IL interleukin 

iPLA2 calcium-independent PLA2 

LA linoleic acid 

LOX lipoxygenase 

Lys lysine 

MAPK mitogen-activated protein kinase 

mHTT mutant huntingtin gene 

mPTP mitochondrial permeability transition pore 

MR mineralcorticoid receptor 

mTOR mammalian target of rapamycin 

MyD88 myeloid differentiation primary response 88 

NF-κB nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

NGF nerve growth factor 

NMDA N-methyl-D-aspartate 

NNT number needed to treat 

NSAID non-steroidal anti-inflammatory drug 

PDK1 pyruvate dehydrogenase kinase 1 
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PD-L1 programmed cell death ligand-1 

Phe phenylalanine 

PHLPP PH domain leucine-rich repeat phosphatase 

PI3K phosphoinositide 3-kinase 

PKA protein kinase A 

PKC protein kinase C 

PLA2 phospholipase A II 

PNS peripheral nervous system 

PP2B serine/threonine-protein phosphatase 2B 

PPARγ peroxisome-activated receptor γ 

PPIase prolyl-peptidyl-isomerase 

PR progesterone receptor 

PUFA polyunsaturated fatty acids 

ROS reactive oxygen species 

S1P sphingosine-1-phosphate 

SAFit selective antagonist for FKBP51 by induced fit 

SC spinal cord 

sEH soluble epoxide hydrolase 

SHR steroid hormone receptors 

SNP single nucleotide polymorphism 

SNRIs serotonin-noradrenaline reuptake inhibitors 

sPLA2 secretory PLA2 

SPM specialized pro-resolving mediator 

TLR4 toll like receptor 4 

TNFα tumor necrosis factor α 

TRIF TIR domain-containing adaptor inducing IFN-β 

TRP transient receptor potential 

TRP domain tetratricopeptide repeat domain 

TRPA transient receptor potential ankyrin 

TRPM transient receptor potential melastin 

TRPML transient receptor potential mucolipin 

TRPP transient receptor potential polycistin 

TRPV transient receptor potential vanilloid 

α-LA alpha linoleic acid 



 

Declaration - Ehrenwörtliche Erklärung  I 

Declaration - Ehrenwörtliche Erklärung 

 

Ich erkläre hiermit ehrenwörtlich, dass ich die vorliegende Arbeit entsprechend den Regeln 

guter wissenschaftlicher Praxis selbstständig und ohne unzulässige Hilfe Dritter angefertigt 

habe. 

Sämtliche aus fremden Quellen direkt oder indirekt übernommenen Gedanken sowie 

sämtliche von Anderen direkt oder indirekt übernommenen Daten, Techniken und 

Materialien sind als solche kenntlich gemacht. Die Arbeit wurde bisher bei keiner anderen 

Hochschule zu Prüfungszwecken eingereicht. Die eingereichte elektronische Version stimmt 

mit der schriftlichen Version überein.  

 

 

Darmstadt, den ……………….…….  

 

 
 
 
................................................................ 
Saskia Wedel  



 

Acknowledgement  II 

Acknowledgement 

An dieser Stelle möchte ich mich bei allen Personen herzlich bedanken, die mich in den 

letzten Jahren unterstützt und bei meiner Doktorarbeit begleitet haben.  

Ganz besonders möchte ich mich bei PD Dr. Marco Sisignano für die Möglichkeit bedanken, 

meine Doktorarbeit am Institut für Klinische Pharmakologie und im Besonderen in seiner 

Arbeitsgruppe durchführen zu dürfen. Darüber hinaus möchte ich mich für die tolle 

Betreuung, die vielen konstruktiven Anregungen sowie die fachliche und menschliche sehr 

gute Zusammenarbeit bedanken. 

Zudem möchte ich mich auch bei Prof. Dr. Gerhard Thiel für die Möglichkeit bedanken in 

Kooperation mit Frankfurt promovieren zu können. Weiterhin bedanke ich mich für die tolle 

Unterstützung, die stetigen Ermutigungen und vor allem für die wertvollen Ratschläge. 

Ich bedanke mich bei Prof. Dr. Dr. Gerd Geisslinger als Institutsleiter für die Möglichkeit, 

meine Doktorarbeit am Institut durchführen zu dürfen und die Weitsicht, die mir in 

Gesprächen gezeigt wurde. 

Bei Dr. Natasja de Bruin, Prof. Dr. Felix Hausch, PD Dr. Mathias Schmidt sowie Prof. Dr. 

Sandrine Géranton möchte ich mich für die gute Zusammenarbeit bedanken und freue mich 

auf weitere tolle Kooperationen. 

Mein Dank gilt außerdem meinen Kollegen im Institut, die mir mit Rat und Tat zur Seite 

gestanden haben. Im Besonderen möchte ich mich bei Christian Müller und Nadine Merz für 

die vielen hilfreichen Gespräche, die Unterstützung, den Beistand in stressigen Zeiten und 

die daraus entstandenen tollen Freundschaften bedanken. Auch möchte ich mich bei Esther 

Schickel für ihre wertvolle Unterstützung bedanken. 

Besonders herzlich möchte ich mich bei meinem Freund Niklas Götzl bedanken. Danke für 

deine Unterstützung, deine Aufmunterungen und dein Verständnis in den ganzen Jahren.  

Darüber hinaus möchte ich mich auch bei meiner Familie für die stetige Unterstützung ganz 

herzlich bedanken. 

  



 

Curriculum Vitae  III 

Curriculum Vitae 

Personal Information 
 
 
 

Saskia Wedel 
 

      Frankfurt am Main 
     24.12.1997 

 
 

Professional Experience 
 

PhD candidate at the Institute of Clinical Pharmacology 
• Research topic: “Investigation of SAFit2 as a potential treatment 

option for nerve injury- and chemotherapy-induced neuropathic 
pain” 

 
Research Assistant at the department of R&D at R-Biopharm AG 

• Production and management of in-process controls 
• Planning, implementation, and evaluation of  

stability and release tests 
 

Tutor at the Technical University of Darmstadt 
• Conducting seminars for students 

 
Student employee at R-Biopharm AG 

• Generation and distribution as well as  
quality and stability testing of in-process controls 

 
 

Education 
 

Master Technical Biology at the Technical University of Darmstadt 
• Course of specialization: stem cell biology, neurobiology, radiation 

biology and immunology  
 

Research internship at the Paul-Ehrlich-Institute (12 weeks) 
• Research topic: “Investigation of the immune metabolic 

phenotype of dendritic cells stimulated with the allergen 
product Pollinex Quattro®” 

 

Master thesis at the research group Neurophysiology and 
              Neurosensory Systems headed by Prof. Dr. Laube 

• Research topic: “Investigating low dose irradiation 
promoted differentiation of murine neural stem cells 
including a characterization of respective regulatory 
signaling pathways” 

April 2021 –  
October 2023 

February 2021 –  
March 2021 

December 2020 –  
January 2021 

September 2017 –  
January 2020 

October 2018 –  
January 2021 



 

Curriculum Vitae  IV 

 
Bachelor Biology at the Technical University of Darmstadt 

• Course of specialization: developmental biology, microbiology, 
animal physiology and radiation biology 
 

Research internship at R-Biopharm AG (6 weeks) 
• Generation and testing of in-process controls 

 

Bachelor thesis at the at the research group Stem Cell and 
Developmental Biology headed by Prof. Dr. Nuber 

• Research topic: “Generation of neural cell type-specific 
lentiviral cre expression vectors for controlled gene 
inactivation” 
 

 
Trainings 
 

Graduate school (SFB 1039) 
• PhD speaker of the graduate school, archived poster price 2021 
• Poster an programming workshops 
 

GRADE program at the Goethe University 
• GxP workshops 
• Presentation and scientific writing workshops 
 

Ingenium program at the Technical University of Darmstadt 
• Leadership workshops 
• Project management workshops 
• Agile project management workshops (certified scrum master) 

 
Grants 

 
e-Fellows scholarship 

 
Mentee in Mentoring Hessen 

 
Deutschlandstipendium 

 
 

Conferences 
 

International symposium on lipid signaling in Frankfurt, Germany 
• Poster presentation 

 
International congress on neuropathic pain (NeuPSIG) in Lisbon, Portugal 

• Poster presentation  

2023 – 2024 

October 2015 –  
October 2018 

April 2021 –  
October 2023 

May 2021 –  
October 2023 

July 2021 –  
October 2023 

2022 – 2023 

2019 – 2020 

September 2023 

September 2023 



 

Curriculum Vitae  V 

Publication list 
 

 
WEDEL, S., HAHNEFELD, L., SCHREIBER, Y., NAMENDORF, C., HEYMANN, T., UHR, M., 
SCHMIDT, M. V., DE BRUIN, N., HAUSCH, F., GEISSLINGER, G. & SISIGNANO, M. 2023. SAFit2 
ameliorates paclitaxel-induced neuropathic pain by reducing spinal gliosis and elevating pro-
resolving lipid mediators. Journal of Neuroinflammation, 20, 149; 
https://doi.org/10.1186/s12974-023-02835-5 
 
KAUP, F.H., MEYNERS, C., SUGIARTO, W.O., WEDEL, S., SPRINGER, M., WALZ, C., GEIGER, T.M., 
SCHMIDT, M., SISIGNANO, M. & HAUSCH, F. 2023. Structure-Based Discovery of a New 
Selectivity-Enabling Motif for the FK506-Binding Protein 51. J. Med. Chem.,66, 5965-5980; 
https://doi.org/10.1021/acs.jmedchem.3c00249 
 
WEDEL, S., HAHNEFELD, L., ALNOURI, M. W., OFFERMANNS, S., HAUSCH, F., GEISSLINGER, G. 
& SISIGNANO, M. 2022a. The FKBP51 Inhibitor SAFit2 Restores the Pain-Relieving C16 
Dihydroceramide after Nerve Injury. Int J Mol Sci, 23, 14274; 
https://doi.org/10.3390/ijms232214274  
 
WEDEL, S., MATHOOR, P., RAUH, O., HEYMANN, T., CIOTU, C. I., FUHRMANN, D. C., FISCHER, 
M. J. M., WEIGERT, A., DE BRUIN, N., HAUSCH, F., GEISSLINGER, G. & SISIGNANO, M. 2022b. 
SAFit2 reduces neuroinflammation and ameliorates nerve injury-induced neuropathic pain. 
Journal of Neuroinflammation, 19, 254; https://doi.org/10.1186/s12974-022-02615-7 
 
WEDEL, S., OSTHUES, T., ZIMMER, B., ANGIONI, C., GEISSLINGER, G. & SISIGNANO, M. 2022c. 
Oxidized linoleic acid metabolites maintain mechanical and thermal hypersensitivity during 
sub-chronic inflammatory pain. Biochem Pharmacol, 198, 114953; 
https://doi.org/10.1016/j.bcp.2022.114953 
 
ZIMMERMANN, J., GORETZKI, A., MEIER, C., WOLFHEIMER, S., LIN, Y. J., RAINER, H., KRAUSE, 
M., WEDEL, S., SPIES, G., FÜHRER, F., VIETHS, S., SCHEURER, S. & SCHÜLKE, S. 2022. 
Modulation of dendritic cell metabolism by an MPLA-adjuvanted allergen product for specific 
immunotherapy. Front Immunol, 13,916491; https://doi.org/10.3389/fimmu.2022.916491 

 



 

 

 




