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Abstract 

Background  Chemotherapy-induced neuropathic pain (CIPN) describes a pathological pain state that occurs dose-
dependently as a side effect and can limit or even impede an effective cancer therapy. Unfortunately, current treat-
ment possibilities for CIPN are remarkably confined and mostly inadequate as CIPN therapeutics themselves consist 
of low effectiveness and may induce severe side effects, pointing out CIPN as pathological entity with an emerging 
need for novel treatment targets. Here, we investigated whether the novel and highly specific FKBP51 inhibitor SAFit2 
reduces paclitaxel-induced neuropathic pain.

Methods  In this study, we used a well-established multiple low-dose paclitaxel model to investigate analgesic and 
anti-inflammatory properties of SAFit2. For this purpose, the behavior of the mice was recorded over 14 days and the 
mouse tissue was then analyzed using biochemical methods.

Results  Here, we show that SAFit2 is capable to reduce paclitaxel-induced mechanical hypersensitivity in mice. In 
addition, we detected that SAFit2 shifts lipid levels in nervous tissue toward an anti-inflammatory and pro-resolving 
lipid profile that counteracts peripheral sensitization after paclitaxel treatment. Furthermore, SAFit2 reduced the 
activation of astrocytes and microglia in the spinal cord as well as the levels of pain-mediating chemokines. Its 
treatment also increased anti-inflammatory cytokines levels in neuronal tissues, ultimately leading to a resolution of 
neuroinflammation.

Conclusions  In summary, SAFit2 shows antihyperalgesic properties as it ameliorates paclitaxel-induced neuropathic 
pain by reducing peripheral sensitization and resolving neuroinflammation. Therefore, we consider SAFit2 as a poten-
tial novel drug candidate for the treatment of paclitaxel-induced neuropathic pain.
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Background
Paclitaxel is a chemotherapeutic agent, which is used 
for the treatment of malignancies as it stabilizes micro-
tubule formation and thereby disrupts cell proliferation 
and cytoskeleton related cellular functions [1, 2]. Based 
on this mechanism of action, paclitaxel became a very 
important cytostatic, which enables the treatment of 
many different tumor types. However, the microtubule-
stabilizing property of paclitaxel also affects the axonal 
transport of sensory neurons in the peripheral nervous 
system, which leads to axonal degeneration, neuropathy 
and neuropathic pain [3].

Neuropathic pain is a pathophysiological pain state, 
which is generally induced by nerve lesions or damages 
in the somatosensory system and can become chronic [4, 
5]. A specific type of neuropathic pain is the chemother-
apy-induced peripheral neuropathy (CIPN), which arises 
during chemotherapy as a severe side effect [6]. CIPN is a 
dose-dependent side effect that can even limit or impede 
an effective cancer therapy as chemotherapy often has to 
be reduced in dose or frequency or interrupted after the 
occurrence of CIPN [7, 8]. Unfortunately, CIPN affects 
up to 80 percent of all cancer patients and the majority 
of paclitaxel-treated patients [3]. Nonetheless, the avail-
able treatment possibilities for CIPN are extremely con-
fined and mostly inadequate as the therapeutics of CIPN 
itself consist of a low effectiveness and may induce severe 
side effects, pointing out CIPN as pathological entity 
with an emerging need for novel treatment targets [9]. In 
addition, CIPN comprises a large symptom scope, which 
needs to be further investigated and underlying mecha-
nisms to be revealed in order to develop appropriate 
therapeutic drugs.

Interestingly, previous studies revealed the FK506 bind-
ing protein 51 (FKBP51, encoded by the FKBP5 gene) as 
a novel and potential target for several pathological dis-
orders such as chronic pain [10, 11], stress endocrinol-
ogy [12] and glucocorticoid signaling related diseases 
[13]. In the context of chronic pain, FKBP51 was shown 
to be significantly upregulated in sensory neurons of the 
dorsal horn in an ankle joint knee inflammation model, 
indicating its involvement in the development of persis-
tent pain states [10]. Based on these previous findings, we 
synthesized a highly potent and FKBP51 specific inhibi-
tor named SAFit2 to address the scarcity of therapeutic 
approaches for chronic and especially paclitaxel-medi-
ated neuropathic pain [14, 15].

To investigate whether or not the novel and specific 
FKBP51 inhibitor SAFit2 may reduce paclitaxel-induced 
neuropathic pain and improve paclitaxel-induced dys-
regulations of endogenous mechanisms, we performed 
a multiple low-dose paclitaxel mouse model. Previ-
ous findings already discovered that paclitaxel mediates 

axonal degeneration and its cumulative toxicity induces 
neuroinflammation and spinal cord gliosis [3]. Here, we 
confirm that a paclitaxel treatment induces a release of 
proalgesic mediators in nervous tissue and mediates spi-
nal cord gliosis. In addition, we show that SAFit2 coun-
teracts spinal cord gliosis after paclitaxel treatment and 
ameliorates paclitaxel-induced mechanical hypersensitiv-
ity in  vivo. Previous studies have already shown altera-
tions in the distribution of lipids and the levels of lipid 
mediators in nerve disorders or chronic pain states [4, 16, 
17]. However, the role and precise mechanisms of endog-
enous lipid mediators in the context of paclitaxel-medi-
ated neuropathic pain are still unclear. Based on this lack 
of understanding, we performed an unbiased lipidomics 
screen (LC–HRMS) and a targeted LC–MS/MS oxylipin 
screen from dorsal root ganglia (DRGs) and spinal cord 
(SC) samples to elucidate changes in the distribution 
of lipids after paclitaxel treatment. Furthermore, we 
assessed the influence of SAFit2 on paclitaxel-mediated 
alterations in lipid levels. Investigating these lipid lev-
els in paclitaxel-treated mice, we observed that a SAFit2 
treatment leads to an increase of anti-inflammatory and 
pro-resolving lipid mediators, which play a crucial role in 
the resolution of pain states.

Materials and methods
Animals
For all experimental approaches, wild-type animals with 
a C57BL/NRj background were purchased from the 
breeding companies Janvier and Charles River. All ani-
mal experiments, which included treated animals, were 
started with nine weeks old mice and naïve mice were 
matched in age and sex, respectively.

Paclitaxel and SAFit2 treatment
To induce paclitaxel-mediated neuropathic pain in mice, 
a multiple low-dose model was performed including four 
injections of 2 mg/kg paclitaxel, which was administered 
every second day, adding up to a cumulative dose of 
8 mg/kg. [18]. The cytostatic paclitaxel was dissolved in 
a 50:50 (v/v) ethanol–cremophor EL (238470, Millipore) 
solution and stored at − 20 °C until further usage. Before 
the intraperitoneal injection, the paclitaxel stock-solution 
was thawed and freshly diluted 1:2 (v/v) with saline solu-
tion (NaCl 0.9% (w/v)) to a final concentration of 0.4 mg/
ml. For assessing the influence of SAFit2 on paclitaxel-
induced neuropathic pain and endogenous mechanisms, 
the mice were treated intraperitoneally with either 
10 mg/kg SAFit2 or vehicle (PBS supplemented with 5% 
PEG400, 5% Tween and 0.7% ethanol) two times daily on 
six consecutive days, starting on day five after the first 
paclitaxel injection. The experimental treatment schedule 
is displayed in Fig. 1A.
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Fig. 1  SAFit2 reduces paclitaxel-induced mechanical hypersensitivity. A Schematic illustration of the animal treatment: neuropathic pain was 
induced with a multiple low-dose paclitaxel model, including four intraperitoneal injections with 2 mg/kg paclitaxel on day zero, two, four and 
six. Afterwards, the animals were treated with 10 mg/kg SAFit2 intraperitoneally from day five to ten two times daily. At day twelve, the mice were 
killed and DRGs and spinal cord samples collected. B Baseline measurements were performed on two different days before paclitaxel treatment. 
The mechanical pain threshold was assessed over 12 days every second day and the behavioral readout within the SAFit2 treatment was recorded 
between the SAFit2 treatments, approximately three hours after the first dose of SAFi2. The data represent the mean ± SEM from 13–14 mice per 
group. ***p < 0.001 two-way ANOVA with Bonferroni´s post hoc test. Pac paclitaxel, DRGs dorsal root ganglia, PWL paw withdrawal latency, SAFit2 
selective antagonist of FKBP51 by induced fit 2



Page 4 of 21Wedel et al. Journal of Neuroinflammation          (2023) 20:149 

Behavioral experiments
Before starting the behavioral experiments and treat-
ment phases, the locomotor function of all animals was 
verified using a rotarod assay [19]. During all behavioral 
experiments, the experimenter was blinded. For assessing 
the mechanical pain threshold, the animals were placed 
at least one hour before the measurement in the respec-
tive test cages to allow habituation. After this habitua-
tion phase, the mechanical paw withdrawal threshold 
was assessed using a Dynamic Plantar Aesthesiometer 
(Ugo Basile) as described previously [20]. The baseline 
measurements were performed on two consecutive days 
before the treatment phase and the mechanical pain 
thresholds were assessed every second day.

Tissue isolation
For tissue isolation, mice were euthanized by isoflu-
rane anesthesia (2–2.5% isoflurane in carbogen), cardio 
puncture, and cervical dislocation 12 days after the first 
paclitaxel injection. The lumbar (L1–L6) dorsal root gan-
glia (DRGs) and the respective innervated segments of 
the spinal cord were dissected followed by freezing tis-
sue samples in liquid nitrogen for either RNA isolation, 
a multiplex assay or LC–HRMS and LC–MS/MS analy-
sis. For immunohistochemistry staining, the spinal cord 
was dissected and fixed with 2% paraformaldehyde (PFA) 
solution until further usage.

Pharmacokinetic study
In the pharmacokinetic study, a single dose of 40 mg/kg 
SAFit2, formulated as described above, was applied intra-
peritoneally. Likewise, a single dose of 100 mg/kg SAFit2, 
formulated as a slow-release formulation with vesicular 
phospholipid gel (VPG) [21], was applied subcutane-
ously. For the first formulation, plasma and brain samples 
were collected after 15 min, 30 min, 1 h, 3 h, 6 h and 24 h 
from three animals. For the second formulation, plasma 
and brain samples were collected after 2 h, 8 h, 24 h, 48 h, 
72 h and 96 h from three animals. Mice were euthanized 
by isoflurane anesthesia (2–2.5% isoflurane in carbogen), 
cardiac puncture, and cervical dislocation. Brains were 
weighed and then homogenized in tenfold PBS volume 
containing Complete Protease Inhibitor Cocktail Tab-
lets (Roche), using a Dispomix Drive (Medic Tools AG). 
Plasma samples were analyzed using the combined high-
performance liquid chromatography/mass spectrom-
etry (HPLC/MS–MS) technique. Analysis was performed 
using a Shimadzu Nexera X2 (Shimadzu) liquid chro-
matograph, which was interfaced to the ESI source of a 
Sciex QTrap 5500 (Sciex) triple quadrupole mass spec-
trometer. All samples were prepared using Ostro protein 
precipitation and phospholipid removal plates (Waters). 

Chromatography was accomplished using a gradient 
elution in an Accucore RP-MS column (100 × 2.1  mm, 
2.6  µm Thermo Scientific) at a flow rate of 0.5  ml/min 
and 30  °C. The composition of eluent B was methanol 
with 10 mM ammonium formate with 0,1% formic acid 
and water with 10  mM ammonium formate with 0,1% 
formic acid was eluent A. The gradient was 0–3 min 60% 
B, 3–4.5 min 60–90% B, 0.5 min held at 90% B, 5–5.2 min 
90–60% B and 5.2–6 min 60% B. The total run time was 
6 min and the injection volume was 2 µl. The ion source 
was operated in the positive mode at 500 °C, and multi-
ple reaction monitoring (MRM) collision-induced disso-
ciation (CID) were performed using nitrogen gas as the 
collision gas. Deuterated SAFit2 (SAFit2-D3) was used as 
internal standard.

Quantitative real‑time PCR
To isolate the RNA from lumbar DRGs and the respec-
tive segments of the spinal cord, the mirVana miRNA 
Isolation Kit (Applied Biosystems) was used according to 
the manufacturer´s instructions. Afterwards, RNA con-
centrations were quantified with a NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies) and a 
cDNA synthesis was conducted with 200  ng RNA from 
DRGs and 400  ng RNA from spinal cord. The reverse 
transcription was performed with the First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific) according to 
the manufacturer’s recommendations. The quantitative 
real-time PCR was performed with the QuantStudio™ 
Design & Analysis Software v 1.4.3 (Thermo Fisher Sci-
entific) in a TaqMan® Gene Expression Assay System 
(Table  1, Thermo Fisher Scientific) according to the 
manufacturer´s instructions. The raw data were evalu-
ated using the ΔΔC(T) method, as described previously 
[22, 23].

Multiplex assay
For performing the ProcartaPlex multiplex immuno-
assay (Thermo Fisher), proteins were isolated with a 
manufacturer recommended cell lysis buffer, which was 
further supplemented with a phosphatase inhibitor cock-
tail (PhosSTOP, Roche) and a protease inhibitor cocktail 
(cOmplete, Roche). Each lumbar DRG (L1–L6 per ani-
mal) sample was suspended in 100  µl and each spinal 
cord sample, which comprises the respective innervated 
segments of the spinal cord, in 200  µl cell lysis buffer. 
The spinal cord samples were further processed by a cell 
grinder. Afterwards, the tissue was homogenized two 
times per sample using a Sonopuls Sonicator (Bandelin) 
with the setting 6 × 10%. During sonication, the samples 
were cooled in an ice bath, preventing proteins from 
degradation. Finally, the samples were centrifuged with 
16,000 × g at 4  °C for 10 min, followed by collecting the 
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supernatant for a protein concentration determination 
via Bradford.

The ProcartaPlex multiplex immunoassay was per-
formed according to the manufacturer’s recommenda-
tions. Briefly, a dark wall 96-well plate was prepared by 
several washing steps and coating steps with respective 
magnetic beads. Afterwards, standards were prepared 
in a serial dilution (1:4, (v/v)) and added to the plate, 
followed by further washing steps. Lastly, the samples 
were diluted (1:2, (v/v)) and added to the plate, which 
was sealed and incubated for 40 min with 500 rpm on an 
orbital shaker at room temperature, overnight at 4 °C and 
further 50  min with 500  rpm at room temperature. On 
the next day, the detection antibody mixture was added 
after a washing step and the plate was further incubated 
on an orbital shaker for 30  min at room temperature. 
Again, the plate was washed and streptavidin phyco-
erythrin (SAPE) was added to the plate and incubated for 
30  min as described above. After the last washing step, 
the plate was prepared with reading buffer, incubated for 
5 min with 500 rpm on an orbital shaker, and measured 
with the Luminex 200 system (Bio-Rad).

Immunohistochemistry
Before the immunohistochemical staining, the spinal 
cord samples were fixed with 2% PFA for 5  h at room 
temperature, as previously described in the tissue isola-
tion section. As a next step, the tissue was dehydrated 

with a concentration series of 20% (w/v) and 30% (w/v) 
sucrose solutions. Therefore, spinal cord samples were 
firstly incubated in a 20% sucrose solution at 4  °C over-
night and then further dehydrated in a 30% sucrose solu-
tion for five hours at 4 °C. Next, the spinal cord samples 
were embedded in Tissue-Tek and frozen at − 80 °C. The 
frozen tissue samples were serially sliced into 14-µm tis-
sue slices with a cryostat (Leica Biosystems).

For staining the slices, the samples were fixed with 
2% PFA for ten minutes. Afterwards, the fixative was 
removed and the slices rinsed with PBS. Next, slices were 
permeabilized with PBS (pH 7.4) containing 0.1% Triton 
X (v/v) for 15 min. After removing the PBST, the slices 
were blocked with a 3% BSA (w/v) solution for two hours 
at room temperature. The primary antibodies anti-GFAP 
(ab7260, Abcam), anti-IBA1 (019-19741, FUJIFILM 
Wako Pure Chemical Corporation), anti-ATF3 (sc-188, 
Santa Cruz) and anti-cFOS (9F3, Cell Signaling) were 
diluted 1:1000, 1:500, 1:100 and 1:200, 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.

On the next day, the excess of non-specific bind-
ing primary antibodies was removed via three washing 
steps with PBS, this time incubating the slices with PBS 
for 5 min. Afterwards, the secondary antibodies, goat 

Table 1  List of used TaqMan® gene expression assays

Target Gene Article number Company

ALOX12 Arachidonate 12-lipoxygenase Mm00545833_m1 Thermo Fisher

ALOX15 Arachidonate 15-lipoxygenase Mm00507789_m1 Thermo Fisher

ALOX5 Arachidonate 5-lipoxygenase Mm01182747_m1 Thermo Fisher

ATF3 Activating transcription factor 3 Mm00476033_m1 Thermo Fisher

CerS5 Ceramide synthase 5 Mm00556165_m1 Thermo Fisher

CerS6 Ceramide synthase 6 Mm00510998_m1 Thermo Fisher

cFOS FBJ osteosarcoma oncogene Mm00487425_m1 Thermo Fisher

COX2 Cytochrome c oxidase subunit II Mm03294838_g1 Thermo Fisher

CYP2J6 Cytochrome P450, family 2,
subfamily j, polypeptide 6

Mm01268197_m1 Thermo Fisher

CYP3a11 Cytochrome P450, family 3,
subfamily a, polypeptide 11

Mm00731567_m1 Thermo Fisher

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Mm99999915_g1 Thermo Fisher

iNOS Inducible nitric oxide synthase 2 Mm00440502_m1 Thermo Fisher

MMP9 Matrix metallopeptidase 9 Mm00442991_m1 Thermo Fisher

NOX2 NADPH oxidase 2 Mm01287743_m1 Thermo Fisher

NOX4 NADPH oxidase 4 Mm00479246_m1 Thermo Fisher

PLA2g4a Phospholipase A2, group 4a Mm00447040_m1 Thermo Fisher

PLA2g4c Phospholipase A2, group 4c Mm01195718_m1 Thermo Fisher

XDH Xanthine dehydrogenase Mm00442110_m1 Thermo Fisher
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anti-rabbit Alexa Fluor 488 (ab150077, Abcam) and don-
key anti-rabbit Alexa Fluor 647 (A-31573, Thermo Fisher) 
were diluted 1:1000 in 1% BSA solution and applied for 
one hour at room temperature. The secondary antibod-
ies goat anti-mouse Alexa Fluor 488 (CF488A, Biotium) 
and sheep anti-mouse Cy3 (C2181, Sigma Aldrich) were 
diluted in 3% BSA solution. Next, the excess of non-
specific binding secondary antibodies was removed, the 
slices rinsed with PBS and further incubated with DAPI 
1:1000 (6335.1, Carl Roth) for ten minutes at room tem-
perature. The slices were mounted with Fluoromount-
G mounting medium from Southern Biotech. Images 
were taken with the fluorescence microscope Observer.
Z1 (Carl Zeiss) and processed as well as quantified with 
ImageJ software. Three to five representative images were 
taken per stained spinal cord slice, resulting in a total 
number of 10–20 images per animal. In total, we quanti-
fied the number of cells for the markers GFAP and IBA1 
by counting cells in 70–80 pictures per condition. For the 
marker cFOS, we counted the cells in 40 images per con-
dition and for FKBP51, we quantified the mean intensity 
per image for 40 images per condition.

Liquid chromatography–high‑resolution mass 
spectrometry (LC–HRMS)
For LC–HRMS purposes, an approximately 3  mg lum-
bar DRG sample and 30 mg of the respective parts of the 
spinal cord (SC) were homogenized using a pellet pes-
tle mixer (Thermo Fisher scientific). The tissue samples 
were grinded for 30 to 60  s, with short breaks included 
to avoid overheating, in an ethanol:water (1:9, v/v) solu-
tion, using 119 µl ethanol for DRG samples and 1190 µl 
ethanol for spinal cord samples. Afterwards, lipid extrac-
tion and chromatographic separation was performed as 
well as the measurement settings and internal standards 
chosen as previously described [24]. Instrumental setup 
consisted of a Vanquish Horizon coupled to an Exploris 
480 (both Thermo Fisher Scientific) with Zorbax RRHD 
Eclipse Plus C8 column (2.1 × 50  mm, 1.8  µm, Agilent) 
and a pre-column of the same type. The measured lipid 
levels were normalized to the respective protein amount 
of the sample. For all lipidomic measurements, including 
extraction and analysis, the experimenter was blinded.

PLA2 activity assay
To measure PLA2 activity in primary sensory neu-
ron lysates, DRGs were collected from two naïve mice 
and washed with ice-cold PBS. Next, the cells were 
lysed in 1  ml of ice-cold PBS and homogenized using 
a Sonopuls Sonicator (Bandelin) three times with the 
setting 6 × 10%. Afterwards, the homogenate was cen-
trifuged with 10,000  rpm for 15  min at 4  °C and the 
supernatant collect for the PLA2 activity assay (Abcam). 

The assay was performed according the manufacturer’s 
recommendations.

Oxylipin screen
For oxylipin analysis, dorsal root ganglia (DRG) were 
homogenized in 10% ethanol with addition of 10 M indo-
methacin (0.04  mg tissue/µl) with a pellet pestle mixer 
(fisher scientific). Similarly, spinal cord samples were 
homogenized in 10% ethanol with addition of 10 M indo-
methacin (0.075  mg tissue/µl) and 7 zirconium oxide 
beads using a Precellys 24-Dual tissue homogenizer cou-
pled with a Cryolys cooling module (both Bertin Tech-
nologies) that was kept at < 10 °C. The Precellys program 
encompassed three rounds at 6500 × g for 20 s with 60 s 
pauses in between to avoid overheating. Tissue homoge-
nates were stored on ice during extraction. For both tis-
sue types, to 200 µl of tissue homogenate, 10 µl of 4.4% 
formic acid, 20  µl internal standard solution and 20  µl 
of 0.1% BHT in methanol were added and vortexed for 
30 s. Proteins were precipitated by addition of 200 µl cold 
acetonitrile:methanol (8:2, v/v). After vortexing for 120 s 
and 600  s of centrifugation at approximately 15,000 × g, 
the supernatant was used for solid phase extraction using 
EVOLUTE EXPRESS ABN 30  mg/1  ml cartridges (Bio-
tage) as previously described [25]. Calibration standards 
and quality control samples were prepared accordingly 
with 20  µl of standard solution in methanol with 0.1% 
BHT and 200  µL of PBS. Additionally, DRG homogen-
ates were diluted by adding 180  µl of 10% ethanol with 
10  M indomethacin to 20  µl of homogenate and pro-
cessed as described above. LC–MS/MS analysis was 
then conducted on a QTrap 6500 + (Sciex) coupled to 
a 1290 Infinity II LC-System (Agilent) using an Acquity 
UPLC BEH C18 column (1.7 µm 100 × 2.1 mm ID) with 
a pre-column of the same type. For all measurements, 
including extraction and analysis, the experimenter was 
blinded. Further details including method parameters 
can be found in a previous publication [25].

Data analysis and statistics
All data are presented as mean ± SEM. Normal distri-
bution was confirmed using the Shapiro–Wilk test. The 
statistical analysis for behavioral experiments was con-
ducted using a two-way analysis of variance (ANOVA) 
with Bonferroni’s post hoc correction. For all ex  vivo 
experiments, an unpaired and heteroskedastic Student’s 
t test with Welch correction was performed, when com-
paring only two groups with each other. For the com-
parison of more than two groups, a one-way ANOVA 
was used and for examining the effect of two independ-
ent variables on a continuous dependent variable a two-
way ANOVA was conducted. For all statistical analysis 
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the software GraphPad Prism 9.5 was used. A p value 
of < 0.05 was considered as statistically significant.

Results
Previous studies already suggested a crucial role of 
FKBP51 in the context of chronic pain states [10, 11]. 
However, its upregulation in chemotherapy-induced 
neuropathic pain is not confirmed yet. Therefore, we per-
formed an immunohistochemistry staining to investigate 
its expression after paclitaxel treatment in L4–L5 dorsal 
root ganglia as well as in spinal cord slices (Additional 
file  1: Fig. S1). For both neuronal tissues, we observed 
a significant increase of FKBP51 after paclitaxel, when 
comparing the expression to naïve animals. These data 
confirm the relevance of FKBP51 in the context of 
chronic pain states and especially chemotherapy-induced 
neuropathic pain.

SAFit2 ameliorates paclitaxel‑induced mechanical 
hypersensitivity
To investigate the influence of SAFit2 on paclitaxel-
induced neuropathic pain and underlying mechanisms, 
we chose a well-established multiple low-dose paclitaxel 
model as a multiple low-dose model corresponds more to 
a human chemotherapy, than a single high-dose model. 
The respective model consists of four intraperitoneal 
injections of paclitaxel (2 mg/kg) every other day, result-
ing in a cumulative dose of 8 mg/kg to induce paclitaxel-
mediated neuropathic pain (Fig. 1A) [26].

As a first approach, the bioavailability and brain per-
meability of SAFit2 was monitored in a pharmacokinetic 
study. Here, we tested two SAFit2 doses and two formu-
lations, measuring SAFit2 concentrations in plasma and 
brain after treatment (Additional file  1: Fig. S2). SAFit2 
was either formulated in PBS supplemented with 5% 
PEG400, 5% Tween and 0.7% ethanol or as slow-release 
formulation in vesicular phospholipid gel (VPG, Addi-
tional file 1: Fig. S2). We observed that the slow-release 
VPG formulation led to a strong but transient brain per-
meability of SAFit2 that did not differ between the two 
doses or vehicles at later time points.

To analyze the effect of SAFit2 on paclitaxel-induced 
peripheral neuropathy, we aimed to achieve moder-
ate to high SAFit2 plasma concentrations. However, a 
single injection of the slow-release formulation was not 
sufficient to achieve sustained moderate to high plasma 
concentrations and a single dose of 40 mg/kg SAFit2 led 
to exceedingly high plasma concentrations of SAFit2 at 
early time points (Additional file  1: Fig. S2). Based on 
these results and previous studies in which SAFit2 had 
been administered in  vivo, we decided to treat the ani-
mals intraperitoneally with either 10  mg/kg SAFit2 or 
vehicle two times daily from day five to ten to investigate 

the therapeutic effect of SAFit2 on paclitaxel-treated 
mice [14, 24, 27]. After 12 days, the animals were killed 
and the lumbar DRGs (L1–L6) as well as the respective 
innervated segments of the spinal cord were isolated and 
collected separately from each individual animal for fur-
ther biochemical analysis (Fig. 1A).

To investigate whether SAFit2 has an effect on pacli-
taxel-mediated neuropathic pain, the pain behavior of 
mice was assessed before the initiation of the model and 
during the treatment phase until day twelve by record-
ing the mechanical paw withdrawal threshold (Fig.  1B). 
Both groups (vehicle and SAFit2) developed a mechani-
cal hypersensitivity over time due to the paclitaxel treat-
ment. However, the SAFit2-treated animals recovered 
from the mechanical hypersensitivity as their paw with-
drawal thresholds significantly increased after the first 
dose of SAFit2 (Fig.  1B). In addition, the amelioration 
of pain sensation was sustained after the last treatment 
of SAFit2 until day twelve (Fig. 1B). In summary, SAFit2 
significantly reduced the paclitaxel-induced mechanical 
hypersensitivity in vivo.

SAFit2 reduces neuronal stress marker expression
As we detected a significant and sustained pain relief 
through the treatment with SAFit2, we analyzed the 
expression of neuronal stress markers (Fig.  2A–C) and 
reactive oxygen species (ROS) (Fig.  2D–G) markers in 
DRG and spinal cord samples in order to understand how 
SAFit2 affected underlying mechanisms. In addition, we 
compared the gene expression of both paclitaxel-treated 
groups with the basal expression of naïve mice, termed 
control group in the following.

For the neuronal stress marker activating transcrip-
tion factor 3 (ATF3), we detected a significantly reduced 
expression in the DRGs of SAFit2-treated animals com-
pared to vehicle-treated animals (Fig.  2A). In addition, 
the downregulation of ATF3 was confirmed via an immu-
nohistochemistry staining in L4 and L5 DRGs of SAFit2-
treated animals (Additional file 1: Fig. S3). Furthermore, 
we detected no significant changes in the expression of 
matrix metallopeptidase 9 (MMP9) (Fig. 2B). In contrast, 
we detected significantly diverging changes in the expres-
sion of the neuronal activity marker cFOS for both tis-
sues (Fig. 2C). However, we observed on a protein level 
a significant downregulation of cFOS for both tissues 
after SAFit2 treatment, which we suggest to occur due 
to posttranscriptional modifications (Additional file  1: 
Fig. S4). In general, cFOS is known to be biphasically 
expressed and to contribute to the resolution of neuronal 
damage as its expression is enhanced in the formation of 
neuronal and synaptic plasticity [28], however its early 
upregulation was associated with nociceptive activity. In 
summary, we detected an enhanced expression of cFOS 
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on RNA level in the DRGs and a reduced expression of 
cFOS on protein level in both tissues after SAFit2 treat-
ment. Furthermore, we observed a reduced expression 
of ATF3 as neuronal stress marker on RNA and protein 
level in the DRGs after SAFit2 treatment, which indicates 
a reduction of neuronal stress after paclitaxel treatment.

Furthermore, we analyzed the expression of ROS mark-
ers in lumbar DRGs and spinal cord as the cytostatic 
paclitaxel is known to induce oxidative stress in sensory 
neurons [29]. However, we only detected a significant 
increase in the inducible nitric oxide synthase (Fig. 2D). 
In line with that, we observed no significant differences 
in the expression of NADPH oxidase two in the DRGs 
(Fig. 2E) as well as NADPH oxidase four (Fig. 2F) and the 
xanthine dehydrogenase (Fig.  2G) in both tissues.  From 
this data, we suggested that the time point of investiga-
tion, which was day 12 and already 6 days after the last 

paclitaxel treatment, may be too late to measure altera-
tions in ROS responding genes and that their expression 
changes may be more transient after paclitaxel treatment.

SAFit2 reduces pain‑mediating chemokine levels 
and increases anti‑inflammatory cytokine levels in DRGs 
and spinal cord after paclitaxel treatment
Since we did not observe strong differences in the gene 
expression of neuronal stress and ROS markers except 
for ATF3 and cFOS after SAFit2 treatment, we next 
measured the concentrations of inflammatory and proal-
gesic mediators in the DRGs and the respective segments 
of the spinal cord. Therefore, we performed a multiplex 
immunoassay assay, comprising a panel of 26 media-
tors, to determine differences in the neuroinflammation 
between vehicle and SAFit2-treated animals in a multiple 

Fig. 2  Neuronal stress and ROS marker expression in DRGs and spinal cord. After 12 days, the expression of neuronal stress markers (A–C) and ROS 
markers (D–G) was assessed via qPCR. The expression of vehicle and SAFit2-treated animals were normalized to the expression of naïve animals. The 
data represent the mean ± SEM from 3–4 mice per group, measured in technical triplicates, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 one-way 
ANOVA with Tukey´s multiple comparison test per tissue. DRGs dorsal root ganglia, SC spinal cord, SAFit2 selective antagonist of FKBP51 by induced 
fit 2, ROS reactive oxygen species, ATF3 activating transcription factor 3, MMP9 matrix metallopeptidase 9, XDH xanthine dehydrogenase, NOX2/4 
NADPH oxidase 2/4, iNOS inducible nitric oxide synthase
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low-dose paclitaxel model (Fig. 3, Additional file 1: Figs. 
S5, S6, S7).

Analyzing these mediators, we observed a significant 
upregulation of the anti-inflammatory interleukin 22 in 
the DRGs (Fig. 3A) as well as a significant downregula-
tion of several pain-mediating chemokines such as CCL 
2, CCL3, CCL4, CCL5, CCL7 and CXCL10 after SAFit2 
treatment (Fig. 3B–G). Moreover, we detected the same 
tendencies in the spinal cord, since we observed a sig-
nificant upregulation of the anti-inflammatory cytokine 

interleukin 10 (Fig.  3H) and the significant down-
regulation of CCL7 (Fig.  3I). Overall, SAFit2 seems to 
decrease the levels of pain-mediating chemokines and 
to increase anti-inflammatory mediators in both neural 
tissues after paclitaxel treatment.

SAFit2 treatment decreases activation of astrocytes 
and microglia in the spinal cord of paclitaxel‑treated mice
Based on the strong effect of SAFit2 on pain-mediating 
chemokines in the lumbar DRGs and spinal cord, we 

Fig. 3  Increase of anti-inflammatory cytokines and decrease of pain-mediating chemokines in neuronal tissue of SAFit2-treated animals. After 
12 days, DRGs and spinal cord samples were homogenized and analyzed using a multiplex immunoassay including a panel of 26 cytokines and 
chemokines. This figure displays a section of significantly altered cytokines and chemokines in the DRGs (A–G) and spinal cord (H, I) after vehicle 
and SAFit2 treatment. The data represent the mean ± SEM from 5 mice per group. The raw data were related to the total protein amount of the 
sample. * p < 0.05, ** p < 0.01, *** p < 0.001 Student’s t-test with Welch’s correction. SAFit2 selective antagonist of FKBP51 by induced fit 2, DRGs dorsal 
root ganglia, SC spinal cord, IL interleukin, CCL C–C motif ligand, CXCL 10 C-X-C ligand 10
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investigated the effect of SAFit2 regarding spinal gliosis, 
since activated astrocytes and microglia are the predomi-
nant source of cytokines and chemokines in the spinal 
cord [30, 31]. To assess this, we performed immunohis-
tochemical stainings of dorsal horn samples to assess 
the activation of astrocytes and the number of microglia 
(Fig. 4).

First, we analyzed the activation of astrocytes with the 
astrocyte activation marker glial fibrillary acidic protein 
(GFAP) in dorsal horn cryo-slices (Fig.  4A, C). In these 
stainings, we could observe a high number of GFAP-
positive cells in the vehicle-treated paclitaxel group, indi-
cating a strong activation of astrocytes after paclitaxel 
treatment (Fig.  4A). In contrast, the number of GFAP-
positive cells was lower in the SAFit2-treated paclitaxel 
group. The control group, which consists of naïve ani-
mals, showed no or only a little GFAP-positive cells in 
comparison. In summary, the staining quantification 
confirmed these observations and revealed a significant 
reduction about 50% of astrocyte activation after SAFit2 
treatment (Fig. 4D).

Next, we assessed the expression of the microglia 
marker ionized calcium-binding adaptor molecule 
1 (IBA1) in the dorsal horn of the respective groups 
(Fig.  4B, D). The staining of the vehicle-treated pacli-
taxel group showed a strong IBA1 expression (Fig.  4B). 
However, the staining of the SAFit2-treated paclitaxel 
group showed less IBA1-positive cells. Stainings of the 
control group showed only weak signals, as expected. 
Interestingly, the quantification of IBA1-positive cells 
also revealed a significant reduction of approximately 
50% after SAFit2 treatment. In conclusion, we observed 
that a SAFit2 treatment significantly reduced the number 
of activated astrocytes and microglia in the spinal cord, 
indicating that SAFit2 counteracts the paclitaxel-medi-
ated gliosis.

SAFit2 treatment leads to increased free fatty acid levels 
in neuronal tissue
Lipid mediators are important signaling mediators in 
the context of neuropathic pain as they can be released 
as paracrine signaling molecules to interact with neurons 
and glial cells as well as to modulate and resolve neuro-
inflammation [32]. Based on that, we hypothesized that 
SAFit2 might have an influence on lipid synthesis or 
release. For assessing this hypothesis, we first performed 

a high-resolution mass spectrometry lipidomic screen 
(LC–HRMS) to investigate lipid levels in nervous tissue 
(lumbar DRG and spinal cord samples) on a broad scale 
comparing vehicle and SAFit2-treated paclitaxel animals.

In this lipid screen, we detected 377 individual lipids 
that can be further subdivided into the following seven-
teen lipid classes: fatty acids, ceramides, glycosylcera-
mides, diglycerides, carnitines, lysophosphatidylcholines, 
-ethanols, -glycerols, -inositols, -serines, phosphatidyl-
cholines, -ethanols, -glycerols, -inositols, -serines, sphin-
gomyelins and triglycerides (Fig. 5A). For further analysis, 
the values of SAFit2-treated animals were normalized to 
the values of vehicle-treated animals. Afterwards, the 
normalized values were compared class wise for DRG 
and spinal cord samples. Focusing on lipid classes that 
include potential lipid mediators, we observed a slight 
increase of lysophosphatidylinositols in the DRGs and 
ceramides as well as glycosylceramides in the spinal cord 
after SAFit2 treatment (Fig. 5B). However, we detected a 
strong increase of fatty acids in the spinal cord through 
the treatment of SAFit2 (Fig. 5B).

Since the class of fatty acids was strongly elevated after 
SAFit2 treatment and has a particular relevance in the 
context of neuropathic pain, we further determined dif-
ferences between the groups for individual fatty acids. 
Thereby, we detected increased levels of all measur-
able fatty acids in the spinal cord. The most drastically 
changed fatty acids were arachidonic acid (20:4) and 
docosahexaenoic acid (22:6). We also observed a slight 
upregulation of myristic acid (14:0) and oleic acid (18:1) 
(Fig.  5C). In summary, we detected indeed an elevation 
of free fatty acids and especially of polyunsaturated fatty 
acids (PUFAs) after SAFit2 treatment, which can be rap-
idly metabolized into pain-relevant signaling mediators.

PUFAs can be absorbed from nutrition, but they can 
also be released from the lipid bilayer of cell membranes 
by the hydrolysis of an ester bond (Fig. 6A). In particular, 
the phospholipase 2 can hydrolase the ester bond from 
the second carbon of a phospholipid, whereby a fatty 
acid is released. This free fatty acid can consist of dif-
ferent chain length, however, arachidonic acid, linoleic 
acid, eicosapentaenoic acid and docosahexaenoic acid 
are the most abundant ones. Nevertheless, these PUFAs 
are usually rapidly metabolized into both pro- and anti-
inflammatory mediators that can regulate and influence 
the transmission of neuropathic pain [16]. To analyze 

(See figure on next page.)
Fig. 4  Reduced activation of astrocytes and microglia in the spinal cord of SAFit2-treated animals. Immunohistochemistry staining of astrocyte 
activation marker GFAP (A) and microglia marker IBA1 (B) at 20X magnification (scale bar: 50 µm) of spinal cord (dorsal horn) slices. Samples of naïve 
animals were labeled as control. C Quantification of GFAP-positive cells. D Quantification of IBA1-positive cells. C, D Positive cells were counted in 
15–20 images per animal and averaged. Data represent the mean ± SEM from 15–20 images of four mice per group. ** p < 0.01, *** p < 0.001, **** 
p < 0.0001 one-way ANOVA with Tukey’s multiple comparison test. SAFit2 selective antagonist of FKBP51 by induced fit 2, GFAP glial fibrillary acidic 
protein, IBA1 ionized calcium-binding adaptor molecule 1
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Fig. 4  (See legend on previous page.)
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whether SAFit2 can enhance the release of PUFAs, we 
investigated the effect of SAFit2 on the phospholipase 2 
activity in  vitro. Interestingly, SAFit2 contributes to an 
enhanced activity of the phospholipase 2 isoforms cPLA2, 
iPLA2 and sPLA2 in primary sensory neuron lysates as we 
observed a concentration dependent increase of hydro-
lyzed substrate due to increasing SAFit2 concentrations 
(Fig. 6B). In summary, we observed that SAFit2 increases 
PUFA levels in vivo and contributes to the phospholipase 
2 mediated release of PUFAs from neuronal membranes.

SAFit2 enhances pro‑resolving mediators after paclitaxel 
treatment
As a next step, we investigated the expression of phos-
pholipases and fatty acid metabolizing enzymes as we 
have observed an increase of free fatty acids after SAFit2 
treatment (Fig.  7A–G). Furthermore, we compared the 
expression of both vehicle and SAFit2-treated paclitaxel 
groups with the expression of naïve animals.

Consistent with our previous results, we observed an 
increased expression of the phospholipases cPLA2 and 
iPLA2 in SAFti2-treated paclitaxel animals compared to 
the expression of control animals (Fig.  7A, B). In addi-
tion, we measured a significant upregulation of the 
lipoxygenase 5 (ALOX5) in the DRGs of SAFit2-treated 

Fig. 5  LC–HRMS lipid analysis of DRGs and spinal cord from vehicle and SAFit2-treated paclitaxel mice. A Distribution of measured lipid classes of 
both tissues in LC–HRMS analysis. B Relative frequencies of lipid classes in lumbar DRGs and spinal cord from SAFit2-treated animals, which were 
normalized to those of vehicle-treated animals. C Violin plots comparing fatty acid levels of spinal cord samples from vehicle and SAFit2-treated 
animals. The data represent the mean ± SEM from five mice per group. * p < 0.05 Student’s t-test with Welch’s correction. DRGs dorsal root ganglia, 
SAFit2 selective antagonist of FKBP51 by induced fit 2, LC–HRMS liquid chromatography–high-resolution mass spectrometry
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paclitaxel animals (Fig. 7C). In contrast, the expression of 
this enzyme was significantly lower in the spinal cord of 
SAFit2-treated animals than in the vehicle-treated pacli-
taxel animals, yet the expression of both paclitaxel groups 
was not significantly altered from the control group. 
Nevertheless, the lipoxygenase 12 (ALOX12) was signifi-
cantly increased in the DRGs of the SAFit2-treated group 
compared with both vehicle and control group (Fig. 7D). 
The expression of the lipoxygenase 15 (ALOX15) was 
not significantly altered in both tissues (Fig. 7E) and the 
expression of the cyclooxygenase 2 (COX2) was sig-
nificantly reduced in the spinal cord for both paclitaxel 
groups compared to the vehicle group (Fig. 7F). However, 

we observed a significant increase of the cytochrome-
P450-epoxygenase CYP2J6 in the DRGs after SAFit2 
treatment (Fig.  7G). The expression of the cytochrome-
P450-epoxygenase CYP3A11 was lower than the detec-
tion limit in both tissues. In summary, we could observe 
significant differences in the expression of lipoxygenases 
and CYP2J6 comparing vehicle and SAFit2-treated pacli-
taxel animals.

Furthermore, we analyzed the expression of sphin-
gosine kinases and ceramide synthases to detect any 
SAFit2-mediated alterations (Fig.  7F–K). However, we 
detected no significant changes in expression of vehicle 
and SAFit2-treated paclitaxel animals for the sphingosine 

Fig. 6  Influence of SAFit2 on phospholipase 2 activity in primary sensory neuron lysates. A Schematic illustration of the phospholipase 2 
function and its products. Phospholipase 2 hydrolyzes the second ester bond of phospholipids that constitute the lipid bilayer of cell membranes. 
Thereby, polyunsaturated fatty acids were released, which were rapidly metabolized into oxylipins. B The influence of SAFit2 (0.1–50 µM) on the 
phospholipase 2 activity was assessed in lysed primary sensory neurons. Further, the basal phospholipase activity of the lysates was determined, the 
influence of the solvent DMSO (vehicle) verified and bee venom used as a positive control. Data represent the mean ± SEM. * p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001 one-way ANOVA with Tukey’s post-multiple comparison test. PLA2 phospholipase 2, SAFit2 selective antagonist of FKBP51 
by induced fit 2
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kinases one and two, though both groups were signifi-
cantly increased compared to the control group (Fig. 7H, 
I). In addition, we observed no significant differences 
in the expression of ceramide synthase five and six for 
vehicle and SAFit2-treated paclitaxel mice (Fig.  7J, K). 
In summary, we detected a significant increase in the 

expression of fatty acid oxidizing and metabolizing 
enzymes in the DRGs and spinal cord of SAFit2-treated 
animals.

Since we observed an increased PLA2 activity, ele-
vated free fatty acid levels and an increased expres-
sion of fatty acid metabolizing enzymes after SAFit2 

Fig. 7  Gene expression of lipid synthesizing and metabolizing enzymes in neuronal tissue of SAFit2-treated paclitaxel mice. After twelve days, the 
expression of phospholipases (A, B), lipoxygenases (C–F), epoxygenase (G), sphingosine kinases (H, I) and ceramide synthases (J, K) was assessed 
via qPCR. The expression levels of vehicle and SAFit2-treated animals were normalized to the expression levels of naïve animals. The data represent 
the mean ± SEM from 3–4 mice per group, measured in technical triplicates, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 one-way ANOVA with 
Tukey´s post hoc test was conducted per tissue. DRGs dorsal root ganglia, SC spinal cord, SAFit2 selective antagonist of FKBP51 by induced fit 2, 
cPLA2 cytosolic phospholipase A2, iPLA2 calcium-independent phospholipase A2, ALOX arachidonate lipoxygenase, CYP2J6 cytochrome P450 family 
2 subfamily j polypeptide 6c, COX2 cyclooxygenase 2, SphK1/2 sphingosine kinase 1/ 2, CerS ceramide synthase
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treatment, we further investigated the influence of 
SAFit2 on oxylipin levels. Oxylipins are mediators that 
are generated by the oxidation of free fatty acids and 
have been shown to play a crucial role as signaling mol-
ecules in the pathophysiological context of neuropathic 
pain [16, 33, 34]. To assess oxylipin levels of vehicle and 
SAFit2-treated paclitaxel mice as well as naïve mice, we 
performed a targeted LC–MS/MS analysis with DRG 
and spinal cord samples of the respective groups in 
which we were able to detect 27 oxylipins. Afterwards, 
the oxylipin levels of paclitaxel-treated animals were 
normalized to those of the control group and clustered 
in their precursor fatty acids (Fig. 8).

For the arachidonic acid metabolites, we detected a 
slight decrease of pro-inflammatory prostaglandins in the 
DRGs after SAFit2 treatment (Fig.  8A), which is shown 
representatively for prostaglandin D2 (Fig. 8B). Further-
more, we detected an increase of the anti-inflammatory 
and pro-resolving mediator 8,9-EpETrE in the DRGs. For 
the linoleic acid and alpha linoleic acid metabolites, we 
detected a significant decrease of the pro-inflammatory 
12,13-DiHOME (Fig.  8C) and a significant increase of 
the anti-inflammatory 13-HOTrE after SAFit2 treatment 
(Fig. 8D). Consistently, we detected a significant increase 
of three docosahexaenoic acid metabolites 14-HDHA, 
17-HDHA, 19.20-DiHDPA (Fig. 8E–G), which have also 
anti-inflammatory and pro-resolving properties. For 
the spinal cord samples, we could observe an increase 
of 12-HETE after SAFit2 treatment (Fig.  8A). However, 
12-HETE was not significantly increased after SAFit2 
treatment (Fig.  8H). Moreover, we measured a slight 
increase of 14-HDHA after SAFit2 treatment (Fig. 8I). In 
summary, we observed a decrease of pro-inflammatory 
and an increase of anti-inflammatory and pro-resolving 
oxylipins in the DRGs and spinal cord after the treatment 
with SAFit2.

In conclusion, we observed that SAFit2 enhances the 
PLA2 mediated fatty acid release from neuronal mem-
branes in paclitaxel-mediated pain states (Fig.  8J). 

Thereby, predominantly the PUFAs arachidonic acid and 
docosahexaenoic acid were released and oxidized into 
oxylipins, which have previously been shown to influence 
and regulate neuropathic pain persistence and transmis-
sion. Interestingly, we mainly observed an increase of 
anti-inflammatory and pro-resolving fatty acid metabo-
lites after SAFit2 treatment. Based on these results, we 
suggest that SAFit2 treatment leads to an increase of pro-
resolving lipid mediators, which counteract neuroinflam-
mation and spinal gliosis, resulting in an amelioration of 
paclitaxel-mediated neuropathic pain.

Discussion
The need for CIPN therapeutics is increasing nowadays 
as available treatment strategies have either a low effi-
cacy or severe side effects [35]. Interestingly, our data 
show that the novel and specific FKBP51 inhibitor SAFit2 
can efficiently reduce mechanical hypersensitivity in 
paclitaxel-treated mice as it counteracts the paclitaxel-
induced peripheral sensitization and neuroinflammation.

SAFit2 reduces paclitaxel‑induced peripheral sensitization
Firstly, we observed that SAFit2 has an influence on 
endogenous lipid levels as it decreases the levels of pro-
inflammatory and transient receptor potential (TRP) 
channel sensitizing lipids mediators. More specifically, 
we detected that SAFit2 significantly reduces the levels of 
12,13-DiHOME, which is a pro-inflammatory diol lipid 
that is metabolized from linoleic acid-derived epoxylip-
ids. Furthermore, 12,13-DiHOME is known to mediate 
thermal hyperalgesia in mice as it sensitizes the pain-
mediating TRPV1 channel and thereby increases the 
excitability of sensory neurons under inflammatory con-
ditions [36]. In line with that, eicosanoids like the prosta-
glandin E2 are also known to sensitize TRP channels and 
thereby enhance the excitability of sensory neurons [37, 
38]. However, we detected a slight decrease of the pros-
taglandins E2 and D2 after SAFit2 treatment. A possible 
explanation for the decreased prostaglandin levels might 

(See figure on next page.)
Fig. 8  Alteration of oxylipins in DRGs and spinal cord of vehicle and SAFit2-treated paclitaxel mice. A Relative amount of oxylipins was measured 
in the DRGs and spinal cord of both groups and clustered in their precursor fatty acids. The raw data were normalized to the protein amount of the 
respective sample. B–I Violin plots display the relative lipid levels of those lipids, which were altered after SAFit2 treatment. The measured lipid levels 
of paclitaxel-treated animals were normalized to lipid levels of naïve animals. The analysis was conducted with six animals per group. * p < 0.05, ** 
p < 0.01, *** p < 0.001 student’s t-test with Welch´s correction. J Schematic summary of the effect of SAFit2 on lipid levels. SAFit2 seems to enhance 
the PLA2 mediated fatty acid release from phospholipids. In particular, we detected an elevation of arachidonic acid and docosahexaenoic acid 
after SAFit2 treatment as well as an increase of their pro-resolving metabolites. Pro-inflammatory oxylipins were marked in red, anti-inflammatory/ 
pro-resolving in green, the alteration after SAFit2 treatment is indicated by either a blue arrow for an increase or a blue tilde for no changes. 
Oxylipins indicated with dashed lines were below the detection limit. DRG dorsal root ganglia, SC spinal cord, SAFit2: selective antagonist of FKBP51 
by induced fit 2, AA arachidonic acid, LA linoleic acid, α-LA alpha-linoleic acid, DGLA dihomo-γ-linolenic acid, EPA eicosapentaenoic acid, DHA 
docosahexaenoic acid, PGE2 prostaglandin E2, PGD2 prostaglandin D2, TXB2 thromboxane 2, PGF2α prostaglandin F2 alpha, 6-keto PGF1α 6-keto 
prostaglandin F1 alpha, HETE hydroxyeicosatetraenoic acid, DiHETrE dihydroxyeicosatrienoic acid, HHTrE hydroxyheptadecatrienoic acid, EpETrE 
hydroxyepoxyeicosatrienoic acid, HODE hydroxyoctadecadienoic acid, DiHOME dihydroxyoctadecenoic acid, HOTrE hydroxyoctadecatrienoic acid, 
HETrE hydroxyeicosatrienoic acid. HEPE hydroxyeicosapentaenoic acid, HDHA hydroxydocosahexaenoic acid, DiHDPA: dihydroxydocosapentaenoic 
acid
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Fig. 8  (See legend on previous page.)
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be a reduced expression of COX2 after SAFit2 treatment, 
since prostaglandins are predominantly synthesized by 
the COX2 enzyme [39, 40]. Based on this observation, 
we assume that a SAFit2 treatment mediates a more anti-
inflammatory lipid profile, by shifting oxylipin synthesis 
towards the LOX and CYP enzymes and not towards 
COX2, which might reveal one mechanism how SAFit2 
is capable to counteract the enhanced excitability of sen-
sory neurons after paclitaxel treatment.

SAFit2 induces the resolution of paclitaxel‑induced 
neuroinflammation
Peripheral sensitization can also be initiated and regu-
lated by pain-mediating chemokines and pro-inflam-
matory mediators, that are released from activated glial 
cells [41]. In addition, it has been shown that paclitaxel-
activated glial cells such as microglia and astrocytes can 
become neurotoxic [3]. Nevertheless, we observed that 
SAFit2 is capable to reduce gliosis after paclitaxel treat-
ment, which leads to a reduction of pro-inflammatory 
and pain-mediating cytokines and chemokines in the spi-
nal cord. In line with that, we detected a strong decrease 
of chemokines such as CCL2 and CCL7, which both are 
agonists of the C–C chemokine receptor type 2 that is 
expressed by both sensory neurons and glial cells [42]. 
The decrease of these chemokines has an essential influ-
ence on the pain perception of mice as CCL2 was shown 
to increase the frequency of excitatory post synaptic cur-
rents as well as to enhance the currents of AMPA and 
NMDA receptors, leading to an enhanced excitability of 
neurons and a sensitized pain state [43, 44]. In addition, 
both CCL7 and CCL2 have been shown to be direct acti-
vators of microglia [45, 46]. Another crucial pain-medi-
ating chemokine, which is strongly downregulated after 
SAFit2 treatment, is CCL5, which was previously shown 
to induce hyperalgesia dose-dependently in mice [47–
49]. Although some of the detected inflammatory media-
tors can be secreted from neurons (CCL2 and CXCL10) 
[32, 50], most of these mediators are released by immune 
cells, such as astrocytes (CCL2, CCL5, CCL7, CXCL10, 
IL-10), microglia (CCL5, CXCL10, IL-10) macrophages 
(CCL3, CCL4, IL-10) and T-cells (CCL4, IL-22) [51–57].

We did not investigate the levels of immune cells in 
neuronal tissue after SAFit2 treatment. However, the 
combined cytokine and chemokine data indicate a reduc-
tion of pro-inflammatory macrophages and an increase 
of anti-inflammatory macrophages and T-cells in DRGs 
after SAFit2 treatment. These data are also in line with 
our observations showing reduced numbers of acti-
vated astrocytes and microglia in the dorsal spinal cord 
after SAFit2 treatment. Mechanistically, we assume 
that SAFit2 on the one hand reduces the levels of these 
mediators as it counterbalances the enhanced NF-κB 

activation [27] and on the other hand causes a more anti-
inflammatory lipid profile. Thereby, SAFit2 is capable to 
decrease neuroinflammation and prevents gliosis and 
subsequently neurodegeneration in the spinal cord.

Furthermore, emerging evidence indicates that the res-
olution of neuroinflammation, which is mediated by pro-
resolving mediators, becomes an essential issue in the 
relief of neuropathic pain [58–60]. In line with that, we 
detected an increase of anti-inflammatory cytokines like 
interleukin 10 and 22 after the treatment with SAFit2, 
indicating that SAFit2 even induces a resolution of neu-
roinflammation, which contributes to a relief of pacli-
taxel-mediated neuropathic pain.

SAFit2 causes a shift towards an anti‑inflammatory lipid 
profile in nervous tissue
Besides anti-inflammatory cytokines, PUFAs, such as 
DHA, have been shown to comprise anti-inflamma-
tory and pro-resolving properties [61]. Interestingly, we 
observed an enhanced expression and activity of phos-
pholipase 2 after SAFit2 treatment, which resulted in 
an increase of free polyunsaturated fatty acids and espe-
cially of the omega-3 PUFA DHA. These results further 
confirm our previously suggested SAFit2-mediated anti-
inflammatory lipid profile, as DHA was shown to reduce 
neuropathic pain in a diabetic rat model as well as in a 
nerve injury rat and mouse model [62]. Moreover, studies 
reported that DHA has a protective effect on microglia 
and astrocytes as it counteracts oxidative stress induced 
calcium dysregulations and ER stress [63, 64].

Nevertheless, PUFAs such as DHA are known to be 
rapidly metabolized into oxylipins that play a crucial role 
in the regulation of neuropathic pain [16, 35]. In particu-
lar, the free fatty acid DHA gets metabolized by LOX and 
CYP enzymes into anti-inflammatory specialized pro-
resolving mediators (SPMs) such as resolvins, protectins 
and maresins [65]. In line with that, we observed beside 
increased DHA levels also an enhanced expression of 
the respective LOX and CYP enzymes after SAFit2 treat-
ment. Interestingly, these pro-resolving mediators and 
especially the class of resolvin mediators was shown to 
dampen inflammatory pain as they interfere in the mech-
anism of peripheral sensitization and reduce the excit-
ability of sensory neurons [66]. Furthermore, the SPM 
neuroprotection D1 was able to reduce spinal gliosis and 
mechanical hypersensitivity in a neuropathic nerve injury 
model in vivo [67]. Unfortunately, we were not capable to 
detect SPMs in the DRG and spinal cord samples. How-
ever, we observed an increase of their anti-inflammatory 
precursors after SAFit2 treatment. More specifically, 
we detected an increase of hydroxydocosahexaenoic 
acids (HDHAs) such as 14-HDHA and 17-HDHA after 
SAFit2 treatment. Based on the elevation of DHA and 
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its metabolites after SAFit2 treatment, we conclude 
that SAFit2 enhances the levels of pro-resolving DHA-
originated lipid mediators, which contribute to an anti-
inflammatory lipid profile.

Apart from the DHA-originated mediators, we also 
detected an increase of the alpha linoleic acid metabo-
lite 13-HOTrE. Although less is known about alpha lin-
oleic acid-derived oxylipins in the literature, 13-HOTrE 
was associated with anti-inflammatory properties as 
it was shown to suppress the expression of the inflam-
matory cytokine IL-1β in human chondrocytes and to 
reduce glomerulomegaly in obese rats [68]. Moreover, we 
observed an increase in EpETrEs (e.g., 8,9-EpETrEs) after 
SAFit2 treatment, which are epoxyeicosatrienoic acids 
that are generated by the oxidation of arachidonic acid 
[69]. EpETrEs have also been shown to have anti-inflam-
matory properties as they inhibit the NF-κB translocation 
into the nucleus and thereby reduce the expression of, 
e.g., pro-inflammatory mediators or enzymes, that gen-
erate pro-inflammatory mediators, such as COX2 [70]. 
Based on these results, we assume that SAFit2 induces an 
anti-inflammatory lipid profile after paclitaxel treatment 
that reduces peripheral sensitization and consequently 
reduces paclitaxel-mediated mechanical hypersensitivity.

Limitations and conclusion
A possible limitation of the study could be the lack of 
female mice. However, it has been previously shown that 
the involvement of FKBP51 in neuropathic pain is sex 
independent and its deficiency leads to an equal pain 
relief in both sexes [11]. A further limitation could also 
be the investigation of SAFit2-mediated effects on exclu-
sively the peripheral nervous system and spinal cord 
regions as these compartments mediate and regulate 
the development and maintenance of neuropathic pain. 
Nevertheless, SAFit2 is also capable of affecting FKBP51 
levels in the central nervous system as it passes the 
blood–brain barrier. However, the inhibition of FKBP51 
in the brain displays not a disadvantage but rather seems 
to be beneficial as previous studies have shown that the 
inhibition of FKBP51 in the brain helps to prevent psy-
chological disorders as well as stress-related and endo-
crinologic-mediated diseases such as depression, type 
two diabetes and obesity [71].

Indeed, SAFit2 has already been tested in several neu-
ropathic models and showed promising effects in reduc-
ing mechanical and thermal hypersensitivity in  vivo. 
The models themselves differ profoundly concerning 
the degree of neuroinflammation to pain hypersensitiv-
ity. While the nerve injury models SNI and CCI (spared 
nerve injury, chronic constriction injury) are usually 
connected with a strong spinal gliosis and related neu-
roinflammation, the chemotherapy-induced neuropathy 

models usually show a more neurotoxic and less inflam-
matory effect, although this depends on the cytostatic 
drug that is used [32, 72–74].

In line with these reports, we observed elevated lev-
els of cytokines (especially in the dorsal spinal cord) and 
chemokines (especially in DRGs) in the SNI model, many 
of which were significantly reduced after SAFit2 treat-
ment [27]. Similar results were observed in animals defi-
cient of FKBP51 [10]. In the current manuscript, we do 
not see this strong and general increase in (neuro)inflam-
matory mediators, especially not in pro-inflammatory 
interleukins, which is in line with previous results [11]. 
In this model, we observe that SAFit2 rather causes a 
decrease of pro-inflammatory chemokines in DRGs 
and an increase of anti-inflammatory mediators (IL-10, 
IL-22). Moreover, we show, that SAFit2 treatment also 
causes a shift towards a pro-resolving lipidomic profile 
within DRGs and the dorsal spinal cord.

In conclusion, we show that the novel and specific 
FKBP51 inhibitor SAFit2 reduces gliosis in the spi-
nal cord, which leads to a reduction of pain-mediating 
chemokines. Furthermore, we observed an increase of 
anti-inflammatory and pro-resolving cytokines and lipid 
mediators due to a SAFit2 treatment, which contribute 
to a resolution of neuroinflammation and peripheral sen-
sitization after paclitaxel treatment. In summary, these 
effects can explain the SAFit2-mediated pain relief after 
paclitaxel treatment and highlight the role of SAFit2 as 
potential novel analgesic drug candidate.

Abbreviations
AA	� Arachidonic acid
CCL	� C-C motif ligand
CIPN	� Chemotherapy-induced peripheral neuropathy
CXCL	� C-X-C motif ligand
DGLA	� Dihomo-γ-linolenic acid
DHA	� Docosahexaenoic acid
DiHDPA	� Dihydroxydocosapentaenoic acid
DiHETrE	� Dihydroxyeicosatrienoic acid
DiHOME	� Dihydroxyoctadecenoic acid
DRGs	� Dorsal root ganglia
EPA	� Eicosapentaenoic acid
EpETrE	� Epoxyeicosatrienoic acid
FKBP51	� FK506 binding protein 51
GFAP	� Glial fibrillary acidic protein
HDHA	� Hydroxydocosahexaenoic acid
HEPE	� Hydroxyeicosapentaenoic acid
HETE	� Hydroxyeicosatetraenoic acid
HETrE	� Hydroxyeicosatrienoic acid
HHTrE	� Hydroxyheptadecatrienoic acid
HODE	� Hydroxyoctadecadienoic acid
HOTrE	� Hydroxyoctadecatrienoic acid
IBA1	� Ionized calcium-binding adaptor molecule 1
IL	� Interleukin
LA	� Linoleic acid
LC–HRMS	� Liquid chromatography–high-resolution mass spectrometry
PG	� Prostaglandin
PLA2	� Phospholipase A2
PUFA	� Polyunsaturated fatty acids
SAFit2	� Selective antagonist of FKBP51 by induced fit



Page 19 of 21Wedel et al. Journal of Neuroinflammation          (2023) 20:149 	

SC	� Spinal cord
TRP	� Transient receptor potential
TRPV1	� Transient receptor potential vanilloid 1 channel
TXB2	� Thromboxane 2

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12974-​023-​02835-5.

Additional file 1:  Figure S1. Enhanced FKBP51 expression in spinal cord 
and L4-L5 DRG slices of paclitaxel-treated animals. Figure S2. Pharmacoki-
netic study of SAFit2 comparing two formulations. Figure S3. Reduced 
ATF3 expression in L4 and L5 DRGs of SAFit2-treated animals. Figure S4. 
Reduced cFOS expression in spinal cord and L4-L5 DRG slices of SAFit2-
treated animals. Figure S5. Cytokines and chemokines measured in the 
DRGs of paclitaxel-treated mice. Figure S6. Cytokines measured in the 
spinal cord of paclitaxel-treated mice. Figure S7. Chemokines measured 
in the spinal cord of paclitaxel-treated mice.

Author contributions
FH, GG and MS conceptualized the project. SW performed the behavioral 
assays and collected the tissue. SW, LH, YS, DT, CN and MU performed meas-
urements. TH synthesized the batch of SAFit2. NdB supervised the behavioral 
study and the pharmacokinetic study together with MVS. SW performed the 
data analysis and curation. SW and MS wrote the original draft. All authors 
read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The work of 
the authors was supported by the Federal German Ministry of Education 
and Research (BMBF) under the grant number 51TaValP, by the German 
Research Foundation (DFG) grants SFB1039 A09, Z01, 445757098 and from 
the Fraunhofer Foundation Project Neuropathic Pain, the Fraunhofer Cluster of 
Excellence for Immune-Mediated Diseases (CIMD) and the Cardiopulmonary 
Institute EXC 2026 (Project ID 390649896).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its additional information file.

Declarations

Ethics approval and consent to participate
All experiments involving animals were approved by the local Ethics Commit-
tee for Animal Research (Darmstadt) under the permit numbers F152/1021, 
F152/1015 and FK1113. Furthermore, all animal experiments were performed 
according to the recommendations of the Preclinical Pain Research Consor-
tium for Investigating Safety and Efficacy (PPRECISE) Working Group [75], and 
according to the updated ARRIVE guidelines for reporting animal research 
[76]. All efforts were made to minimize suffering.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Clinical Pharmacology, Pharmazentrum Frankfurt/ZAFES, 
University Hospital, Goethe-University, 60590 Frankfurt am Main, Germany. 
2 Fraunhofer Institute for Translational Medicine and Pharmacology ITMP, 
and Fraunhofer Cluster of Excellence for Immune Mediated Diseases CIMD, 
60596 Frankfurt am Main, Germany. 3 Core Unit Analytics and Mass Spectrom-
etry, Max Planck Institute of Psychiatry, 80804 Munich, Germany. 4 Depart-
ment of Biochemistry, Technical University of Darmstadt, 64287 Darmstadt, 
Germany. 

Received: 25 April 2023   Accepted: 16 June 2023

References
	1.	 Hammad A, Mohamed MSA, Khalifa M, El-Daly M. Mechanisms of 

Paclitaxel-induced peripheral neuropathy. J Adv Biomed Pharm Sci. 
2023;6(1):25–35.

	2.	 Scripture CD, Figg WD, Sparreboom A. Peripheral neuropathy induced by 
paclitaxel: recent insights and future perspectives. Curr Neuropharmacol. 
2006. https://​doi.​org/​10.​2174/​15701​59067​76359​568.

	3.	 Klein I, Lehmann HC. Pathomechanisms of paclitaxel-induced peripheral 
neuropathy. Toxics. 2021. https://​doi.​org/​10.​3390/​toxic​s9100​229.

	4.	 Sisignano M, Lotsch J, Parnham MJ, Geisslinger G. Potential biomark-
ers for persistent and neuropathic pain therapy. Pharmacol Ther. 
2019;199:16–29.

	5.	 Colloca L, Ludman T, Bouhassira D, Baron R, Dickenson AH, Yarnitsky D, 
et al. Neuropathic pain. Nat Rev Dis Primers. 2017;3:17002.

	6.	 Han Y, Smith MT. Pathobiology of cancer chemotherapy-induced periph-
eral neuropathy (CIPN). Front Pharmacol. 2013;4:156.

	7.	 Flatters SJL, Dougherty PM, Colvin LA. Clinical and preclinical perspec-
tives on chemotherapy-induced peripheral neuropathy (CIPN): a narrative 
review. Br J Anaesth. 2017;119(4):737–49.

	8.	 Argyriou AA, Bruna J, Marmiroli P, Cavaletti G. Chemotherapy-induced 
peripheral neurotoxicity (CIPN): an update. Crit Rev Oncol Hematol. 
2012;82(1):51–77.

	9.	 Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin RH, 
et al. Pharmacotherapy for neuropathic pain in adults: a systematic 
review and meta-analysis. Lancet Neurol. 2015;14(2):162–73.

	10.	 Maiaru M, Tochiki KK, Cox MB, Annan LV, Bell CG, Feng X, et al. The stress 
regulator FKBP51 drives chronic pain by modulating spinal glucocorti-
coid signaling. Sci Transl Med. 2016;8(325):32519.

	11.	 Maiaru M, Morgan OB, Mao T, Breitsamer M, Bamber H, Pohlmann M, 
et al. The stress regulator FKBP51: a novel and promising druggable 
target for the treatment of persistent pain states across sexes. Pain. 
2018;159(7):1224–34.

	12.	 Storer CL, Dickey CA, Galigniana MD, Rein T, Cox MB. FKBP51 and FKBP52 
in signaling and disease. Trends Endocrinol Metab. 2011;22(12):481–90.

	13.	 Hähle A, Merz S, Meyners C, Hausch F. The many faces of FKBP51. Biomol-
ecules. 2019. https://​doi.​org/​10.​3390/​biom9​010035.

	14.	 Gaali S, Kirschner A, Cuboni S, Hartmann J, Kozany C, Balsevich G, et al. 
Selective inhibitors of the FK506-binding protein 51 by induced fit. Nat 
Chem Biol. 2015;11(1):33–7.

	15.	 Buffa V, Knaup FH, Heymann T, Springer M, Schmidt MV, Hausch F. 
Analysis of the selective antagonist SAFit2 as a chemical probe for the 
FK506-binding protein 51. ACS Pharmacol Transl Sci. 2023;6(3):361–71.

	16.	 Osthues T, Sisignano M. Oxidized lipids in persistent pain states. Front 
Pharmacol. 2019;10:1147.

	17.	 Sisignano M, Bennett DL, Geisslinger G, Scholich K. TRP-channels as key 
integrators of lipid pathways in nociceptive neurons. Prog Lipid Res. 
2014;53:93–107.

	18.	 Höke A, Ray M. Rodent models of chemotherapy-induced peripheral 
neuropathy. ILAR J. 2014;54(3):273–81.

	19.	 Pritchett K, Mulder GB. The Rotarod. J Am Assoc Lab Anim Sci. 
2003;42(6):49.

	20.	 Sisignano M, Angioni C, Ferreiros N, Schuh CD, Suo J, Schreiber Y, et al. 
Synthesis of lipid mediators during UVB-induced inflammatory hyperal-
gesia in rats and mice. PLoS ONE. 2013;8(12): e81228.

	21.	 Pohlmann ML, Hausl AS, Harbich D, Balsevich G, Engelhardt C, Feng X, 
et al. Pharmacological modulation of the psychiatric risk factor FKBP51 
alters efficiency of common antidepressant drugs. Front Behav Neurosci. 
2018;12:262.

	22.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. 
2001;25(4):402–8.

	23.	 Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive C(T) method. Nat Protoc. 2008;3(6):1101–8.

	24.	 Wedel S, Hahnefeld L, Alnouri MW, Offermanns S, Hausch F, Geisslinger 
G, et al. The FKBP51 inhibitor SAFit2 restores the pain-relieving C16 

https://doi.org/10.1186/s12974-023-02835-5
https://doi.org/10.1186/s12974-023-02835-5
https://doi.org/10.2174/157015906776359568
https://doi.org/10.3390/toxics9100229
https://doi.org/10.3390/biom9010035


Page 20 of 21Wedel et al. Journal of Neuroinflammation          (2023) 20:149 

dihydroceramide after nerve injury. Int J Mol Sci. 2022. https://​doi.​org/​10.​
3390/​ijms2​32214​274.

	25.	 Sens A, Rischke S, Hahnefeld L, Dorochow E, Schafer SMG, Thomas D, 
et al. Pre-analytical sample handling standardization for reliable measure-
ment of metabolites and lipids in LC-MS-based clinical research. J Mass 
Spectrom Adv Clin Lab. 2023;28:35–46.

	26.	 Nieto FR, Entrena JM, Cendan CM, Del Pozo E, Vela JM, Baeyens JM. Tet-
rodotoxin inhibits the development and expression of neuropathic pain 
induced by paclitaxel in mice. Pain. 2008;137(3):520–31.

	27.	 Wedel S, Mathoor P, Rauh O, Heymann T, Ciotu CI, Fuhrmann DC, et al. 
SAFit2 reduces neuroinflammation and ameliorates nerve injury-induced 
neuropathic pain. J Neuroinflamm. 2022. https://​doi.​org/​10.​1186/​
s12974-​022-​02615-7.

	28.	 Houle JD, Cote MP. Axon regeneration and exercise-dependent plasticity 
after spinal cord injury. Ann N Y Acad Sci. 2013;1279(1):154–63.

	29.	 Shim HS, Bae C, Wang J, Lee KH, Hankerd KM, Kim HK, et al. Peripheral and 
central oxidative stress in chemotherapy-induced neuropathic pain. Mol 
Pain. 2019;15:1744806919840098.

	30.	 Calvo M, Bennett DL. The mechanisms of microgliosis and pain following 
peripheral nerve injury. Exp Neurol. 2012;234(2):271–82.

	31.	 Zhang T, Zhang M, Cui S, Liang W, Jia Z, Guo F, et al. The core of maintain-
ing neuropathic pain: crosstalk between glial cells and neurons (neural 
cell crosstalk at spinal cord). Brain Behav. 2023;13(2): e2868.

	32.	 Ji RR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven 
chronic pain. Nat Rev Drug Discov. 2014;13(7):533–48.

	33.	 Wedel S, Osthues T, Zimmer B, Angioni C, Geisslinger G, Sisignano M. 
Oxidized linoleic acid metabolites maintain mechanical and thermal 
hypersensitivity during sub-chronic inflammatory pain. Biochem Pharma-
col. 2022;198: 114953.

	34.	 Hargreaves KM, Ruparel S. Role of oxidized lipids and TRP channels in 
orofacial pain and inflammation. J Dent Res. 2016;95(10):1117–23.

	35.	 Sisignano M, Gribbon P, Geisslinger G. Drug repurposing to target 
neuroinflammation and sensory neuron-dependent pain. Drugs. 
2022;82(4):357–73.

	36.	 Zimmer B, Angioni C, Osthues T, Toewe A, Thomas D, Pierre SC, et al. 
The oxidized linoleic acid metabolite 12,13-DiHOME mediates thermal 
hyperalgesia during inflammatory pain. Biochim Biophys Acta Mol Cell 
Biol Lipids. 2018;1863(7):669–78.

	37.	 Benemei S, Patacchini R, Trevisani M, Geppetti P. TRP channels. Curr 
Opin Pharmacol. 2015;22:18–23.

	38.	 Kawahara K, Hohjoh H, Inazumi T, Tsuchiya S, Sugimoto Y. Prostaglan-
din E2-induced inflammation: relevance of prostaglandin E receptors. 
Biochim Biophys Acta. 2015;1851(4):414–21.

	39.	 Flower RJ. The development of COX2 inhibitors. Nat Rev Drug Discov. 
2003;2(3):179–91.

	40.	 Koehne CH, Dubois RN. COX-2 inhibition and colorectal cancer. Semin 
Oncol. 2004;31(2 Suppl 7):12–21.

	41.	 Kiguchi N, Kobayashi Y, Kishioka S. Chemokines and cytokines in 
neuroinflammation leading to neuropathic pain. Curr Opin Pharmacol. 
2012;12(1):55–61.

	42.	 Komiya H, Takeuchi H, Ogawa Y, Hatooka Y, Takahashi K, Katsumoto A, 
et al. CCR2 is localized in microglia and neurons, as well as infiltrat-
ing monocytes, in the lumbar spinal cord of ALS mice. Mol Brain. 
2020;13(1):64.

	43.	 Zhou Y, Tang H, Liu J, Dong J, Xiong H. Chemokine CCL2 modulation 
of neuronal excitability and synaptic transmission in rat hippocampal 
slices. J Neurochem. 2011;116(3):406–14.

	44.	 Spicarova D, Adamek P, Kalynovska N, Mrozkova P, Palecek J. TRPV1 
receptor inhibition decreases CCL2-induced hyperalgesia. Neurophar-
macology. 2014;81:75–84.

	45.	 Popiolek-Barczyk K, Ciechanowska A, Ciapała K, Pawlik K, Oggioni M, 
Mercurio D, et al. The CCL2/CCL7/CCL12/CCR2 pathway is substantially 
and persistently upregulated in mice after traumatic brain injury, and 
CCL2 modulates the complement system in microglia. Mol Cell Probes. 
2020;54: 101671.

	46.	 Kwiatkowski K, Popiolek-Barczyk K, Piotrowska A, Rojewska E, Ciapała 
K, Makuch W, et al. Chemokines CCL2 and CCL7, but not CCL12, play 
a significant role in the development of pain-related behavior and 
opioid-induced analgesia. Cytokine. 2019;119:202–13.

	47.	 Liou J-T, Yuan H-B, Mao C-C, Lai Y-S, Day Y-J. Absence of C-C motif 
chemokine ligand 5 in mice leads to decreased local macrophage 

recruitment and behavioral hypersensitivity in a murine neuropathic 
pain model. Pain. 2012. https://​doi.​org/​10.​1016/j.​pain.​2012.​03.​008.

	48.	 Pevida M, Lastra A, Meana A, Hidalgo A, Baamonde A, Menendez L. The 
chemokine CCL5 induces CCR1-mediated hyperalgesia in mice inocu-
lated with NCTC 2472 tumoral cells. Neuroscience. 2014;259:113–25.

	49.	 Yin Q, Fan Q, Zhao Y, Cheng MY, Liu H, Li J, et al. Spinal NF-kappaB and 
chemokine ligand 5 expression during spinal glial cell activation in a 
neuropathic pain model. PLoS ONE. 2015;10(1): e0115120.

	50.	 McKimmie C, Michlmayr D. Role of CXCL10 in central nervous system 
inflammation. Int J Interferon Cytokine Mediat Res. 2014. https://​doi.​
org/​10.​2147/​IJICMR.​S35953

	51.	 Thacker MA, Clark AK, Bishop T, Grist J, Yip PK, Moon LD, et al. CCL2 is a 
key mediator of microglia activation in neuropathic pain states. Eur J 
Pain. 2009;13(3):263–72.

	52.	 Kiguchi N, Maeda T, Kobayashi Y, Fukazawa Y, Kishioka S. Macrophage 
inflammatory protein-1α mediates the development of neuropathic 
pain following peripheral nerve injury through interleukin-1β up-
regulation. Pain. 2010;149(2):305–15.

	53.	 Sindhu S, Kochumon S, Shenouda S, Wilson A, Al-Mulla F, Ahmad R. The 
cooperative induction of CCL4 in human monocytic cells by TNF-alpha 
and palmitate requires MyD88 and involves MAPK/NF-kappaB signal-
ing pathways. Int J Mol Sci. 2019. https://​doi.​org/​10.​3390/​ijms2​01846​
58.

	54.	 Pittaluga A. CCL5-glutamate cross-talk in astrocyte-neuron communi-
cation in multiple sclerosis. Front Immunol. 2017;8:1079.

	55.	 Imai S, Ikegami D, Yamashita A, Shimizu T, Narita M, Niikura K, et al. 
Epigenetic transcriptional activation of monocyte chemotactic protein 
3 contributes to long-lasting neuropathic pain. Brain. 2013;136(Pt 
3):828–43.

	56.	 Burmeister AR, Marriott I. The interleukin-10 family of cytokines and their 
role in the CNS. Front Cell Neurosci. 2018;12:458.

	57.	 Chen W, Wang J, Yang H, Sun Y, Chen B, Liu Y, et al. Interleukin 22 and its 
association with neurodegenerative disease activity. Front Pharmacol. 
2022;13: 958022.

	58.	 Malcangio M. Role of the immune system in neuropathic pain. Scand J 
Pain. 2020;20(1):33–7.

	59.	 Krukowski K, Eijkelkamp N, Laumet G, Hack CE, Li Y, Dougherty PM, et al. 
CD8+ T cells and endogenous IL-10 are required for resolution of chemo-
therapy-induced neuropathic pain. J Neurosci. 2016;36(43):11074–83.

	60.	 Fiore NT, Debs SR, Hayes JP, Duffy SS, Moalem-Taylor G. Pain-resolving 
immune mechanisms in neuropathic pain. Nat Rev Neurol. 2023. https://​
doi.​org/​10.​1038/​s41582-​023-​00777-3.

	61.	 Galan-Arriero I, Serrano-Munoz D, Gomez-Soriano J, Goicoechea C, Taylor 
J, Velasco A, et al. The role of Omega-3 and Omega-9 fatty acids for the 
treatment of neuropathic pain after neurotrauma. Biochim Biophys Acta 
Biomembr. 2017;1859(9 Pt B):1629–35.

	62.	 Landa-Juárez AY, Pérez-Severiano F, Castañeda-Hernández G, Ortiz MI, 
Chávez-Piña AE. The antihyperalgesic effect of docosahexaenoic acid in 
streptozotocin-induced neuropathic pain in the rat involves the opioider-
gic system. Eur J Pharmacol. 2019;845:32–9.

	63.	 Begum G, Kintner D, Liu Y, Cramer SW, Sun D. DHA inhibits ER Ca2+ 
release and ER stress in astrocytes following in vitro ischemia. J Neuro-
chem. 2012;120(4):622–30.

	64.	 Geng X, Galano J-M, Oger C, Sun GY, Durand T, Lee JC. Neuroprotective 
effects of DHA-derived peroxidation product 4(RS)-4-F4t-neuroprostane 
on microglia. Free Radical Biol Med. 2022;185:1–5.

	65.	 Kuda O. Bioactive metabolites of docosahexaenoic acid. Biochimie. 
2017;136:12–20.

	66.	 Ji RR, Xu ZZ, Strichartz G, Serhan CN. Emerging roles of resolvins 
in the resolution of inflammation and pain. Trends Neurosci. 
2011;34(11):599–609.

	67.	 Xu ZZ, Liu XJ, Berta T, Park CK, Lu N, Serhan CN, et al. Neuroprotectin/pro-
tectin D1 protects against neuropathic pain in mice after nerve trauma. 
Ann Neurol. 2013;74(3):490–5.

	68.	 Devassy JG, Leng S, Gabbs M, Monirujjaman M, Aukema HM. Omega-3 
polyunsaturated fatty acids and oxylipins in neuroinflammation and 
management of Alzheimer disease. Adv Nutr. 2016;7(5):905–16.

	69.	 Collino S, Montoliu I, Martin FP, Scherer M, Mari D, Salvioli S, et al. Meta-
bolic signatures of extreme longevity in northern Italian centenarians 
reveal a complex remodeling of lipids, amino acids, and gut microbiota 
metabolism. PLoS ONE. 2013;8(3): e56564.

https://doi.org/10.3390/ijms232214274
https://doi.org/10.3390/ijms232214274
https://doi.org/10.1186/s12974-022-02615-7
https://doi.org/10.1186/s12974-022-02615-7
https://doi.org/10.1016/j.pain.2012.03.008
https://doi.org/10.2147/IJICMR.S35953
https://doi.org/10.2147/IJICMR.S35953
https://doi.org/10.3390/ijms20184658
https://doi.org/10.3390/ijms20184658
https://doi.org/10.1038/s41582-023-00777-3
https://doi.org/10.1038/s41582-023-00777-3


Page 21 of 21Wedel et al. Journal of Neuroinflammation          (2023) 20:149 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	70.	 Schmelzer KR, Inceoglu B, Kubala L, Kim I-H, Jinkd SL, Eiserich JP, et al. 
Enhancement of antinociception by coadministration of nonsteroidal 
anti-inflammatory drugs and soluble epoxide hydrolase inhibitors. PNAS. 
2006. https://​doi.​org/​10.​1073/​pnas.​06059​08103.

	71.	 Schmidt MV, Paez-Pereda M, Holsboer F, Hausch F. The prospect of 
FKBP51 as a drug target. ChemMedChem. 2012;7(8):1351–9.

	72.	 Ellis A, Bennett DL. Neuroinflammation and the generation of neuro-
pathic pain. Br J Anaesth. 2013;111(1):26–37.

	73.	 Fumagalli G, Monza L, Cavaletti G, Rigolio R, Meregalli C. Neuroinflamma-
tory process involved in different preclinical models of chemotherapy-
induced peripheral neuropathy. Front Immunol. 2020;11: 626687.

	74.	 Makker PG, Duffy SS, Lees JG, Perera CJ, Tonkin RS, Butovsky O, et al. Char-
acterisation of immune and neuroinflammatory changes associated with 
chemotherapy-induced peripheral neuropathy. PLoS ONE. 2017;12(1): 
e0170814.

	75.	 Andrews NA, Latremoliere A, Basbaum AI, Mogil JS, Porreca F, Rice 
ASC, et al. Ensuring transparency and minimization of methodo-
logic bias in preclinical pain research: PPRECISE considerations. Pain. 
2016;157(4):901–9.

	76.	 Perciedu Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The 
ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. 
PLoS Biol. 2020;18(7): e3000410.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1073/pnas.0605908103

	SAFit2 ameliorates paclitaxel-induced neuropathic pain by reducing spinal gliosis and elevating pro-resolving lipid mediators
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Animals
	Paclitaxel and SAFit2 treatment
	Behavioral experiments
	Tissue isolation
	Pharmacokinetic study
	Quantitative real-time PCR
	Multiplex assay
	Immunohistochemistry
	Liquid chromatography–high-resolution mass spectrometry (LC–HRMS)
	PLA2 activity assay
	Oxylipin screen
	Data analysis and statistics

	Results
	SAFit2 ameliorates paclitaxel-induced mechanical hypersensitivity
	SAFit2 reduces neuronal stress marker expression
	SAFit2 reduces pain-mediating chemokine levels and increases anti-inflammatory cytokine levels in DRGs and spinal cord after paclitaxel treatment
	SAFit2 treatment decreases activation of astrocytes and microglia in the spinal cord of paclitaxel-treated mice
	SAFit2 treatment leads to increased free fatty acid levels in neuronal tissue
	SAFit2 enhances pro-resolving mediators after paclitaxel treatment

	Discussion
	SAFit2 reduces paclitaxel-induced peripheral sensitization
	SAFit2 induces the resolution of paclitaxel-induced neuroinflammation
	SAFit2 causes a shift towards an anti-inflammatory lipid profile in nervous tissue
	Limitations and conclusion

	Anchor 33
	References


