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A B S T R A C T

Chronic pain and post-traumatic stress disorder (PTSD) show striking similarities in their prevalence following 
injury and trauma respectively, with growing evidence suggesting shared vulnerability mechanisms, particularly 
through stress-related epigenetic regulation. The gene FK506 binding protein 5, FKBP5, is a critical regulator of 
the stress response which plays a well-established role in PTSD susceptibility and has recently emerged as a 
potential driver of chronic pain vulnerability. In our pre-clinical study, sub-chronic stress promoted the persis
tence of subsequent inflammation-induced primary hyperalgesia and accelerated the development of 
inflammation-driven anxiety in male and female mice. Global deletion of Fkbp5 reduced stress-induced 
vulnerability to persistent pain, with a more pronounced protective effect in males than in females. To inves
tigate the mechanisms underlying FKBP51-driven persistent pain vulnerability, we analysed male spinal cord 
tissue after stress exposure and found hypomethylation in the Fkbp5 promoter site for the canonical FKBP51 
transcript and other stress-related genes. However, most epigenetic changes in key regulatory regions did not 
correlate with changes in gene expression, suggesting that stress exposure had remodelled the epigenome 
without altering gene activity. FKBP51 pharmacological inhibition in males during stress exposure shortened the 
duration of subsequent inflammatory pain and reversed several stress-induced DNA methylation changes in 
promoter regions of genes associated with stress and nociception, but not Fkbp5. These results indicate that sub- 
chronic stress increases the susceptibility to chronic pain in an FKBP51-driven mechanism and leads to the 
hypomethylation of Fkbp5. However, reversing Fkbp5 hypomethylation is not necessary to prevent chronic pain 
vulnerability, which is likely driven by complex epigenetic regulation.

1. Introduction

Stress has a profound and complex impact on the manifestation of 
pain, both in humans and rodents. While short-lasting, intense stress 
experiences can trigger a physiological reaction that attenuates pain 
signalling, sustained exposure to stress exacerbates hyperalgesic states 

(Butler and Finn, 2009; Olango and Finn, 2014). Moreover, stress can 
induce long-lasting changes through peripheral, central, and systemic 
mechanisms, priming for heightened sensitivity to subsequent injury 
(Reichling and Levine, 2009). Although stressful life events are a major 
environmental risk factor for chronic pain (Singaravelu et al., 2022; 
Vachon-Presseau et al., 2016), the underlying mechanisms remain 
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unclear.
FK 506 binding protein 51 (FKBP51) is a crucial element of the stress 

axis, regulating the glucocorticoid receptor (GR) sensitivity to gluco
corticoids (Fries et al., 2017; Touma et al., 2011). FKBP5 genetic poly
morphisms and its DNA methylation landscape have both been 
associated with increased risk of developing mental health disorders in 
small-scale human studies (Binder, 2009; Klengel and Binder, 2015; 
Matosin et al., 2018; Zannas et al., 2016). This includes the observation 
of early life adversity in humans reducing FKBP5 DNA methylation 
(DNAm) at the promoter region, an epigenetic change that influences 
the gene’s expression, its responsiveness to stress and susceptibility to 
psychiatric disorders (Klengel et al., 2013; Klengel and Binder, 2015). 
While these findings have not, to date, been replicated in larger biobank- 
scale genome-wide association studies (GWAS), recent epigenome-wide 
association studies (EWAS) have identified blood-derived DNA 
methylation associations within the FKBP5 locus with neurodegenera
tive diseases (Nabais et al., 2021), as well as all-cause mortality 
(Bernabeu et al., 2023). More broadly, epigenetic remodelling has 
emerged as a key mechanism contributing to chronic pain vulnerability. 
Stress and injury can induce persistent changes in DNA methylation and 
histone modifications within nociceptive and stress-related pathways, 
thereby shaping long-term pain sensitivity (Bagot et al., 2016; Denk and 
McMahon, 2012; Descalzi et al., 2015). Such findings support the view 
that epigenetic plasticity represents a biological substrate linking 
adverse experiences with altered pain trajectories.

Preclinical studies have recently shown that FKBP51 is a crucial 
driver of persistent pain states following physical injuries and stress 
exposure (Maiarù et al., 2018, 2016; Wanstrath et al., 2022), while 
polymorphisms in FKBP5 in humans predict persistent musculoskeletal 
pain after traumatic stress (Bortsov et al., 2013). Moreover, FKBP51 is 
up-regulated at spinal cord level after injury in rodents and spinal 
FKBP51 specifically maintains persistent pain of neuropathic and in
flammatory origin (Maiarù et al., 2022, 2016). Crucially, we reported 
that early life trauma in mice leads to a reduction in spinal Fkbp5 DNAm 
and prolongs subsequent pain states in adulthood (Maiarù et al., 2022). 
We therefore hypothesised that stress exposure engages FKBP51- 
dependent mechanisms – including effects on Fkbp5 gene regulation – 
that drive vulnerability to chronic pain. Here, we tested this hypothesis 
using a model of sub-chronic stress in adult mice. Our results suggest 
that FKBP51 drives stress-induced increased susceptibility to persistent 
pain which is accompanied by changes in DNAm in nociceptive and 
stress-regulated genes, including reduced DNAm in Fkbp5. Complete 
reversal of these DNAm changes is not required to reverse the primed 
state.

2. Material and methods

Extended methods can be found in the Supplementary Data file. 
Sample sizes, investigated parameters and analytical aims are described 
in Table S1.

2.1. Mice

Wild-type (WT) experiments were performed using 8–10-week-old 
C57BL/6 mice of both sexes (N = 146; Charles River, UK). Male and 
female Fkbp5 -/- mice (N = 16) and their WT littermates (N = 14) were 
generated in house from heterozygous breeding pairs and genotyped 
according to Maiaru et al. (Maiarù et al., 2016). Animals numbers were 
calculated using power calculations from pilot data. Mice were housed 
in individually ventilated home cages in a temperature-controlled 
environment with a 12-hour light–dark cycle, with food and water 
available ad libitum. All procedures were carried out in accordance with 
the United Kingdom Animal Scientific Procedures Act 1986 under the 
Home Office License P8F6ECC28. ARRIVE guidelines were followed.

2.2. Sub chronic stress (Restraint Stress)

Mice were restrained for 1 h/day for three consecutive days in 50 ml 
falcon tubes, adapted to allow ventilation. Restraint onset was stand
ardised to 10am to control natural fluctuations in circulating cortico
sterone (CORT) that occur through the day (Bartlang et al., 2012; 
D’Agostino et al., 1982). Control mice were kept in their home cages in 
the Biological Services unit.

2.3. Models of inflammation

Hind paw inflammation was induced by intra-plantar injection of the 
pro-inflammatory cytokine interleukin 6 (IL-6; Sigma) or Complete 
Freund’s Adjuvant (CFA; Sigma). Briefly, either 25 µl of 0.1 ng IL6 or 
undiluted CFA, was injected subcutaneously into the plantar surface of 
the left hind paw, under light anaesthetic (2 % isoflurane in oxygen), as 
before (Maiarù et al., 2016).

2.4. Drugs

The FKBP51 inhibitor, SAFit2, was synthesised as previously 
described (Gaali et al., 2015). The drug was administered subcutane
ously at a concentration of 200 mg/kg in a vesicular phospholipid gel 
formulation (VPG) or standard ethanol based vehicle (see Supplemen
tary Data file) (Maiarù et al., 2018). According to previous experiments 
in the lab, the gel formulation provides slow drug release lasting up to 7 
days (Buffa et al., 2023; Hestehave et al., 2024b; Maiarù et al., 2018). 
Control mice received injection of the vehicle only. Experimenter was 
blinded to drug treatment.

2.5. Mechanical withdrawal thresholds

Hind paw mechanical withdrawal thresholds were assessed using 
von Frey fibres applied to the plantar region of the hind paw via the up- 
down method as before (Chaplan et al., 1994; Dixon, 1980; Hestehave 
et al., 2024a; Maiarù et al., 2016), at a starting force of 0.6 g (Ugo Basile 
SRL). Mice were habituated for 45 min before testing and measures were 
completed at the same time each day. Unless stated otherwise, von Frey 
data shows ipsilateral side to the CFA injection. Thresholds have been 
log-transformed in accordance with Mills et al. (Mills et al., 2012), to 
account for the logarithmic distribution of fibres.

2.6. Elevated plus maze (EPM)

The elevated plus maze (Handley and Mithani, 1984; Hestehave 
et al., 2024a; Pellow et al., 1985) was used to measure anxiety-like 
behaviour. Exploratory behaviour was recorded and tracked for 5 min. 
Open arm time was chosen as an inverse proxy measure for anxiety-like 
behaviours.

2.7. Immunohistochemistry

For c-fos immunostaining, free floating spinal cord sections of 40 µm 
were blocked in 3 % normal goat serum and incubated in anti-c-fos 
(1:5000; Synaptic Systems) for three nights. Slides were imaged using 
the Zeiss Axioscan slide scanner and cFos expressing cells were counted 
using Image J.

2.8. RT-qPCR gene expression analysis

For the tissue collection after stress exposure alone, mouse spinal 
cords were dissected into quadrants and the 2 dorsal quadrants were 
pooled for processing. Cords of intra-plantar CFA injected mice were 
separated into ipsilateral and contralateral quadrants to site of injury for 
processing in order to focus on the spinal cord mechanisms driving the 
hypersensitivity on the injured side. Quantitative reverse transcription 

O.B. Morgan et al.                                                                                                                                                                                                                              Brain Behavior and Immunity 130 (2025) 106119 

2 



polymerase chain reaction (RT-qPCR) was conducted as previously re
ported (Maiarù et al., 2016). Primer sequences for gene targets are listed 
in Table S2. The ratio of the relative expression of target genes to the 
house keeping gene hypoxanthine–guanine phosphoribosyltransferase 
(HPRT) expression was calculated using the 2ΔCt formula (Further de
tails in supplementary method).

2.9. Blood CORT levels

End of life blood was collected and processed, and circulating levels 
of CORT were measured using an enzyme-linked immunosorbent assay 
(ELISA) kit (Abcam) as before (Maiarù et al., 2016).

2.10. Statistical analysis of behavioural and molecular data

Statistical analyses were performed using Graph Pad Prism (Version 
9.5) and SPSS IBM SPSS Statistics (Version 31). The experimental unit 
was a single animal throughout. Analysis was performed with either T- 
tests, Analysis of Variance (ANOVA) (repeated measures when appro
priate) or via Simple Linear Regression. Post hoc analysis was dependent 
on the test employed and as indicated in the figure legends. Significance 
level was set at p < 0.05. Full statistical approach described in Supple
mentary Material.

2.11. RNA and DNA extraction/library preps

DNA and RNA were extracted from the same lumbar spinal cord 
samples (L4 to L6) quadrants using the Qiagen All Prep DNA/RNA/ 
miRNA kit as per manufacturer’s instructions. DNA and RNA were 
quantified using a Nanodrop 8000 spectrophotometer. Further details 
available in Supp. Data file. Bisulphite conversion for DNAm analysis 
was performed using the Zymo EZ-DNA Methylation Kit using 500 ng of 
gDNA as input.

2.12. RNA sequencing

Raw sequencing reads in FASTQ format were assessed for quality 
scores (QS) and trimmed using a sliding window operation (average QS 
> 20). Transcripts per million of mouse mm10 reference alignment 
features (n = 27179) were normalised using the trimmed mean of 
M− values (median library size of 15.6 million counts) and filtered by 
expression among each group ≥ 10 counts. Differential gene expression 
was assessed by linear modelling in RStudio (>version 4.3.1) using cell 
type composition estimates of each RNA sample as covariates, estab
lished by querying analytically robust RNA count matrices against the 
mouse single-cell atlas (Han et al., 2018)). Bulk RNA most closely 
resembled 4 single cell types: myelinating oligodendrocytes, oligoden
drocyte precursor cells, neurones and astrocytes (all with r > 0.6). There 
was no apparent difference between RS and control mice in cell types 
(Fig.S1). Genes exceeding a 1.2-fold change in expression and nominal p 
values < 0.05 were considered differentially expressed among groups.

2.13. DNA methylation analysis

DNA methylation was assessed using Infinium Mouse Methylation 
(285 k) BeadChip (Illumina, USA) processed via standard protocols at 
the QMUL Genome Centre, Blizard Institute, Queen Mary University, 
London, UK. Bisulfite converted DNA was hybridised to the array and 
read via the Illumina iScan using the manufacturer’s standard protocol 
to generate red/green channel idat files. Bisulfite conversion success 
was confirmed prior to analysis using the mean signal intensities of 
cytosine-cytosine (CpC) over thymine-cytosine (TpC) dinucleotides in 
the green channel, expressed as the GCT score (Green CpC to TpC ratio) 
> 1 (Schübeler, 2015).

Full Data pre-processing available in Supp. Data file.
Differential DNA methylation was performed using linear modelling 

on log2 transformed β value ratios (M− value) (Du et al., 2010) using 
estimates of cell type composition established from bulk RNA 
sequencing data from the same samples and surrogate variables estab
lished using Surrogate Variable Analysis (SVA) (Leek and Storey, 2007) 
as covariates. Differentially methylated probes (DMPs) with nominal 
significance of p < 0.05 were advanced for additional exploratory 
analysis using GREAT v4.0.4 (McLean et al., 2010). Default GREAT 
(Mouse: GRCm38) association parameters (basal proximal 5 kb up
stream and 1 kb downstream, plus distal extension <=1Mb) were used 
with the location of the post-QC mouse array CpGs uploaded as the 
background regions set for comparisons. CpGs were annotated using the 
mouse 285 k (mm10) manifest file and according to mouse neural tube 
(E15.5) chromatin segmentation data using the Know Your CG knowl
edgebase available through SeSAMe (van der Velde et al., 2021; Zhou 
et al., 2022).

2.14. Intersection between DNAm and RNAseq

All cited mouse genomic coordinates are based on the GRCm38 
(mm10) build. CpGs occurring in active promoter-like chromatin states 
(Tss, TssFlnk) in neural tube tissue were grouped by gene derived from 
the mouse 285 k (mm10) manifest file and the average fold-change 
calculated from the differential methylation analysis. These were map
ped to the average fold-change in corresponding RNA count matrices 
derived from the same samples (van der Velde et al., 2021; Zhou et al., 
2022).

3. Results

3.1. Sub-chronic stress primes for hyper-responsiveness to inflammatory 
pain

After mechanical threshold baseline assessment on day 0, half the 
mice underwent restraint stress (RS, restraint for 1 h/day for three 
consecutive days), while control mice remained in their home cage 
(Fig. 1A). RS-males and RS-females developed transient mechanical 
hypersensitivity that peaked on day 4 and were no different from con
trols by day 10 (Fig. 1B). This hypersensitivity was widespread as pre
viously reported (Avona et al., 2020) and seen on the contralateral side 
(Fig.S2). There were no sex differences. On day 14, CFA was injected 
into the hindpaw and induced a hypersensitive state which peaked at 6 h 
post-CFA, with no difference between sex and treatment groups. On the 
ipsilateral side, in control, non-stressed mice, the pain state fully 
resolved by day 35 (one-way ANOVA: control males, day 25 vs day 0: p 
= 0.013, day 35 vs day 0: p > 0.05; control females, day 25 vs day 0: p =
0.004, day 35 vs day 0: p > 0.05). However, the CFA-induced mechan
ical hypersensitivity was exacerbated, i.e. prolonged and of greater in
tensity at later time points, in both RS-males and RS-females (RM- 
ANOVA: day 20–80: RS-mice vs Control-mice: RS effect: F1,12 = 15.9, p 
= 0.002; sex effect: F1,12 = 7.5, p = 0.018; no RS x sex interactions). RS- 
mice had overall lower mechanical thresholds than controls (RS effects: 
males: day 20–70: F1,6 = 8.6, p = 0.026; females: day 20–80: F1,6 = 15.5, 
p = 0.009), with hypersensitivity persisting to day 70 in RS-males (day 
70 vs day 0: p = 0.03; day 80 vs day 0: p > 0.05) and remaining unre
solved in RS-females (day 80 vs day 0: p = 0.007). Moreover, RS-females 
had lower mechanical thresholds than RS-males after CFA (RM-ANOVA: 
day 20–80 RS-Females vs RS-Males: F1,6 = 9.2, p = 0.023). In a separate 
experiment, we also measured the impact of RS on the contralateral side 
of the CFA injection, but CFA-induced hypersensitivity on the contra 
side was short lived and unaffected by RS (Fig.S3). Finally, RS also 
exacerbated the response to intraplantar interleukin 6 (IL6) on the 
ipsilateral side (Fig.S4).

While RS did not exacerbate the peak hypersensitivity after CFA (day 
14 + 6 h), it increased the expression of cFos in the superficial laminae of 
the dorsal horn at 2 h after CFA (Fig. 1C), suggesting enhanced noci
ceptive signalling. Control experiments indicated that RS alone did not 
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Fig. 1. FKBP51 Mediates Sub-Chronic Stress-Induced Hyper-Responsiveness to Inflammatory Pain in Mice. (A) Experimental design. (B) Hind paw mechanical 
withdrawal thresholds. Post-hoc univariate analysis: *: p < 0.05: control females vs RS-females; #: p < 0.05 control males vs RS-males; $ p < 0.05: RS-females vs RS- 
males. N = 4/group. (C) C1: representative images of ipsilateral and contralateral lumbar spinal c-Fos staining (scale bar: 200 µm) and C2: number of c-Fos expressing 
cells in the ipsilateral superficial dorsal horn (lamina 1–2) 2 h after CFA. N = 4/group; male mice. (D) Anxiety-like behaviour measured using the elevated plus maze 
at day 14, day 28 and day 44. N = 8/group. RM ANOVA: Left panel: F2,14 = 6.53, p < 0.01. Right panel: F2,14 = 8.45, p < 0.01. Post hoc analysis: Tukey’s Test. (E) 
Anxiety-like behavior data from panel D, presented as a % change from baseline. (F) RT-qPCR quantification of Fkbp5 mRNA levels. N = 6/group (G) Hind paw 
mechanical withdrawal thresholds in WT and KO Fkbp5 mice. Post-hoc univariate analysis: *: WT females vs Fkbp5 KO females; #: WT males vs Fkbp5 KO males. N =
7–8/group. (H) Hind paw mechanical withdrawal thresholds in males receiving either Vehicle or SAFit2-VPG, administered two days prior to the onset of RS. Red 
panel indicates the days of active SAFit2-VPG. Post-hoc: univariate analysis. (I) Number of cFos expressing cells in the ipsilateral superficial dorsal horn (lamina 1–2) 
2 h after CFA. N = 6/group. (J) Anxiety-like behaviour measured using the elevated plus maze. RM ANOVA: Left Panel: F2,10 = 11.34, p < 0.01; Right panel: F2,10 =

12.63, p < 0.01. Post-hoc analysis: Tukey’s Test. N.B. Right panel: non parametric analysis of the data using Friedman’s test and Dunn’s post hoc produced consistent 
results, with RS vs CFA 6 weeks: p < 0.05. (K): Anxiety-like behavior data from panel J, presented as a % change from baseline. N = 6/group. **p < 0.01, *p < 0.05. 
Green panel indicates the 3 days of RS paradigm.
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lead to elevated cFos at the same time point (Fig.S5). RS also accelerated 
anxiety like behavior onset post-CFA (Fig. 1D, E), with RS-mice showing 
anxiety at 2 weeks vs 6 weeks in controls. Finally, RS-mice had elevated 
spinal Fkbp5 mRNA 48 h post-CFA (day 16) (Fig. 1F), consistent with 
previous findings linking elevated spinal Fkbp5 at disease onset with 
prolonged pain states (Geranton et al., 2007; Maiarù et al., 2018).

3.2. FKPB51 drives stress-induced vulnerability to persistent pain in mice

We next tested whether FKBP51 contributed to stress-induced 
vulnerability to persistent pain using Fkbp5 global knockout (KO) mice 
in the RS + CFA paradigm (Fig. 1A). RS-exposed Fkbp5 KO had reduced 
RS-induced hypersensitivity compared with RS-exposed WT mice (RM- 
ANOVA: day 0–10: genotype effect: F1,26 = 15.9, p < 0.001; no sex 
differences; post-hoc males: day 0–10: F1,13 = 15.3, p = 0.002; females: 
F1,13 = 4.7, p = 0.049; Fig. 1G). However, KO females were not different 
from WT females at any individual time point, suggesting reduced 
resilience to RS compared to KO males. Following CFA, KO mice showed 
reduced mechanical hypersensitivity vs WT mice (RM-ANOVA, day 14 
+ 6 h – day 60: genotype effect: F1,26 = 19.9, p < 0.001; post-hoc males: 
F1,13 = 22.0, p < 0.001; post-hoc females: F1,13 = 5.7, p = 0.033). Un
expectedly, Fkbp5 KO females were no different from WT females from 
day 45 onward. Moreover, female KOs never returned to baseline (day 
0 vs day 60: p = 0.024) while KO males recovered by day 40 (day 0 vs 
day 40: p > 0.05). These results suggested that FKBP51 drives stress- 
induced vulnerability to persistent pain, particularly in males. We 
therefore further explored the mechanisms of FKBP51-driven persistent 
pain vulnerability in male mice only.

3.3. FKBP51 inhibition during stress exposure prevents stress-induced 
increased vulnerability to persistent pain

To investigate FKBP51′s role in promoting pain vulnerability during 
the stress phase of our paradigm, we used the specific FKBP51 inhibitor 
SAFit2. Encapsulating SAFit2 in a phospholipid gel (SAFit2-VPG) delays 
its action and provides up to 7 days of activity (Hestehave et al., 2024b; 
Maiarù et al., 2018, 2016). SAFit2-VPG was injected 2 days before RS to 
ensure complete FKBP51 blockade during stress but not at the time of 
the CFA injection. While FKBP51 inhibition did not prevent the me
chanical hypersensitivity induced by RS, it prevented its exacerbation 
following CFA (Fig. 1H). Vehicle-treated mice recovered to baseline by 
day 80 (last significant difference on day 70; day 0 vs day 70: p = 0.012), 
whereas SAFit2-treated mice recovered by day 35 (last significant dif
ference on day 30; day 0 vs day 30: p = 0.0032), mirroring non-stressed 
WT mice (Fig. 1B). Moreover, CFA-induced hypersensitivity differed 
significantly between SAFit2-VPG and vehicle-treated animals (RM- 
ANOVA: treatment effect; day 15- day 80: F1,10 = 16.7, p = 0.002; 
Fig. 1H). Surprised by SAFit2′s lack of effect on RS-induced hypersen
sitivity, we repeated the experiment using a non-encapsulated SAFit2 
formulation administered i.p., twice daily for 5 days, to inhibit FKBP51 
during RS. Despite increased SAFit2 plasma concentrations (personal 
communication), FKBP51 inhibition once more had no effect on RS- 
induced hypersensitivity while reducing subsequent CFA-induced hy
persensitivity (Fig.S6A).

We next assessed FKBP51 inhibition’s impact on CFA-induced early 
nociceptive signaling. SAFit2-VPG did not alter CFA-induced cFos acti
vation (Fig. 1I), indicating no reduction in RS-exacerbated cFos 
expression. Finally, SAFit2-VPG delayed the development of anxiety-like 
behavior post-CFA (Fig. 1J, K), though it had no effect on baseline 
anxiety or locomotion in naïve WT mice (Fig.S6B, 6C).

3.4. Sub-chronic stress induces rapid changes to stress signaling at spinal 
cord level and long-lasting changes to the spinal methylome, including in 
the promoter of Fkbp5

We next investigated whether stress alone alters spinal cord 

signalling. We found that together with a consistent decrease in me
chanical threshold (Fig. 2A), RS led to a gradual increase in blood serum 
CORT (Fig. 2B) and an upregulation of spinal Fkbp5 mRNA measured 48 
h after the last restraint (day 5) (Fig. 2C). Nr3c1, the gene encoding for 
the glucocorticoid receptor (GR), was downregulated at that time point, 
particularly the beta isoform which is associated with glucocorticoid 
resistance (Lewis-Tuffin and Cidlowski, 2006) (Fig. 2C). However, RS 
alone did not induce anxiety-like behaviour at day 5 or day 14, a time 
point at which cortisol levels were no longer elevated (Fig. 2D-F).

We had previously shown that Fkbp5 DNAm is reduced in the rodent 
spinal cord both after injury (Maiarù et al., 2016) and after early life 
adversity (Maiarù et al., 2022), potentially increasing chronic pain 
vulnerability. Here, we assessed whether sub-chronic stress in adulthood 
modified the spinal DNA methylome. Spinal cord dorsal halves (i.e. 
ipsilateral + contralateral dorsal horns) were prepared for both DNAm 
and RNAseq.

Of the 192,917 available post-QC CpGs, 11,644 probes were modu
lated by RS at a nominal significance of p < 0.05 (9,119 hypomethylated 
and 2,525 hypermethylated). However, no individual CpG surpassed a 
FDR threshold of p < 0.05 (Fig.S7A-B). We annotated the location and 
chromatin state according to mouse neural tube tissue (van der Velde 
et al., 2021) of the 11,644 probes. Hypomethylated CpGs in RS mice 
were enriched in active (Tss and TssFlnk) promoter sites (43.0 % vs 24.1 
% array background, p < 1.10-4) whereas these regions were under
represented in CpGs hypermethylated by RS (21.0 %, p = 4.10-4) (Fig. 
S7C). Gene Set Enrichment via GREAT (McLean et al., 2010) confirmed 
an enrichment (49.19 % vs 38.51 % array background; p < 0.0001) of 
probes within 5 kb of the nearest TSS (Fig.S7D-E). Enrichments for 
biological processes were identified including ubiquitin homeostasis 
(>8 fold-enrichment, FDR p = 0.024), glutamate catabolism (>2.5 fold- 
enrichment, FDR p = 0.049) and retrograde axonal transport (>2 fold- 
enrichment, FDR p = 0.048) (Table S3).

We next focused on stress related genes, including Fkbp5. A single 
probe out of the 13 CpGs located in the Fkbp5 sequence was revealed to 
be hypomethylated in RS relative to control mice (cg34791938_TC11; 
median log2FC = − 0.24, 2 % raw change in DNAm; control β: 0.15 ±
0.01 vs RS β: 0.13 ± 0.01; p = 0.037; Fig. 2G1; Table S4). This CpG is 
located within a CpG shore at chr17:28,486,463 in an active promoter 
region 313 bases upstream from the nearest TSS and resides in close 
proximity to several transcription factor binding sites (Fig. 2H). Another 
CpG (cg34792474_TC21) encoding a lincRNA (LOC102639076) associ
ated with Fkbp5 by GREAT and located proximal to several transcription 
factor binding sites (PITX2, TFAP2C, ZIC1, ZIC4 and ZIC5), 37 Kb up
stream to the canonical TSS of Fkbp5 (Chr17:28,486,150), was similarly 
hypomethylated in RS mice (median log2FC = − 0.22; 2 % raw change in 
DNAm; control β: 0.16 ± 0.01 vs RS β: 0.14 ± 0.01, p = 0.019; Fig. 2H, 
G2). Additionally, several hypothalamic–pituitary–adrenal (HPA) axis 
relevant genes exhibited nominally significant RS-induced DNAm 
changes in key regulatory regions (Fig. 2H), including Nr3c1, Nr3c2, 
Hsp90b1 and Nfkb1 (Fig. 2I, Table 1; Table S5 for genes full names).

3.5. Sub-chronic stress induced-changes in the spinal DNA methylome are 
not fully reversed by FKBP51 inhibition despite its behavioural impact

Since FKBP51 inhibition with SAFit2 prevented the exacerbation of 
CFA-induced mechanical hypersensitivity, we tested whether it could 
also prevent the RS-induced spinal DNAm changes. SAFit2-VPG did not 
prevent the RS-induced hypersensitivity, as previously observed 
(Fig. 3A) nor the RS-induced upregulation of Fkbp5 mRNA at day 5 
(Fig. 3B).

Using the same approach as in the first DNA methylation analysis, we 
identified 10,046 DMPs in SAFit2-VPG-treated mice vs control (4,960 
hypermethylated, 5,086 hypomethylated; nominal p < 0.05). No CpGs 
surpassed the Benjamini-Hochberg FDR threshold (Fig.S7F-G). Probe 
location and chromatin segmentation in mouse neural tube tissue did 
not differ from the array background (Fig.S7H), nor were significant 
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terms identified via GREAT. Unlike the contrast between RS and control 
mice, there was no enrichment in probes within 5 kb of TSS for the 
10,046 CpGs differing between RS mice treated with SAFit2 or vehicle 
(Fig.S7I-J).

There was also no difference in DNA methylation at Fkbp5 

cg34791938_TC11 (median log2FC = − 0.031; <0.01 % raw change in 
DNAm; Fig. 3C1) or cg34792474_TC21 (median log2FC = − 0.077; <1% 
raw change in DNAm; Fig. 3C2). These observations suggest that inhi
bition of FKBP51 during the RS phase may not revert changes to the 
Fkbp5 DNAm landscape induced by the RS paradigm.

Fig. 2. Sub-chronic stress induces rapid changes to stress signalling at spinal cord level and long-lasting changes in the spinal DNA methylome, including in Fkbp5 
promoter region. (A) Hind paw mechanical withdrawal thresholds in male mice. Green panel indicates the 3 days of RS paradigm. *p < 0.05. Post-hoc one-way 
ANOVA. N = 6/group. (B) Plasma CORT levels. One-way ANOVA F2,9 = 8.62, p < 0.01; Post analysis: Tukey’s test; **p < 0.01. N = 4/group. (C) spinal mRNA levels 
assessed using RT-qPCR at day 5. Graph shows percentage mRNA change normalized to control. N = 4/group. (D, E) Anxiety-like behaviour assessed using EPM. N =
12/group. (F) Plasma CORT levels. (G) DNA methylation (DNAm) levels assessed at day 14. (H) Genomic region displaying the structure and regulatory elements 
associated with Fkbp5. The horizontal axis represents the genomic coordinates, spanning from 28.4 to 28.5mb on chromosome 17. The gene structure is shown with 
blue boxes indicating exons and arrows showing transcription direction. Fkbp5 associated CpG sites present on the array beadchip are marked above the gene in red, 
highlighting potential methylation sites. A CpG (cg34791938_TC11), differentially methylated by RS, is indicated in green. Chromatin accessibility (ATAC 
sequencing), CG content, transcription factor binding sites and 15 state chromatin segmentation data derived from mouse neural tube tissue (E15.5) on the UCSC 
genome browser are displayed below the gene model. (I) DNA methylation levels of selected genes at day 14. Y-axis: methylation levels (0–1). * p < 0.05 nominal 
significance. N = 6/group.
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We examined DMP intersections between the two DNAm studies to 
identify CpGs regulated in opposite directions, potentially contributing 
to divergent pain phenotypes following RS with or without SAFit2. This 
analysis revealed 366 such CpGs (250 CpGs hypomethylated RS vs 
Control and hypermethylated SAFit2 vs Vehicle and 116 hyper
methylated RS vs Control and hypomethylated SAFit2 vs Vehicle, 
Fig. 3D) associated with 284 distinct genes. Notably, 108/284 were 
oppositely regulated in active promoter regions (Tss and TssFlnk). Genes 
of interest related to nociceptive signalling (Table 2), included Rtn4 
(Fig. 3E1), which encode the protein Nogo-A, a neurite outgrowth in
hibitor, whose inhibition has been proposed a novel approach for pain 
management (Hu et al., 2019); Cdk5 (Fig. 3E2), that encodes for the 
cyclin-dependent kinase 5, also considered a potential target for the 
management of chronic pain (Gomez et al., 2020); Nrxn1 (Fig. 3E3), 
which encodes the neurexin 1 protein, previously linked to hypersen
sitive states (Taylor and Harris, 2020) and Gli2 (Fig. 3E4), previously 
linked to neuropathic pain (Meng et al., 2022). We also observed DNAm 
reversal in regions linked to quiescent state, e.g. in Hk1 (Fig. 3E5), that 
encodes the hemokinin 1, which binds to the neurokinin 1 (NK1) re
ceptor and is an important pain mediator (Hunyady et al., 2019).

3.6. Following restraint stress Fkbp5 mRNA is upregulated when the 
Fkbp5 loci CpGs cg34791938_TC11 and cg34792474_TC21 are 
hypomethylated

Differential gene expression (RS – Control) on log2-transformed RNA 
count intensities (n = 15533) identified 230 genes (153 downregulated, 
77 upregulated genes; FC > 1.2, nominal p < 0.05). No biological pro
cess ontologies were significantly enriched (FDR < 0.05), but notably, 
Fkbp5 was upregulated (1.3-fold, Fig. 4A-C). This suggested that reduced 
DNAm at cg34791938_TC11 and cg34792474_TC21 after RS could in
fluence Fkbp5 expression at this particular time point. To assess whether 
this reduction in DNAm could also be mechanistically associated with 
the elevated levels of Fkbp5 mRNA seen in RS exposed animals 48 h after 
CFA (Fig. 1F), we compared spinal Fkbp5 mRNA levels across RS, CFA 

and RS + CFA groups. RS potentiated Fkbp5 expression after CFA 
(Fig. 4D; one way ANOVA: F2,15 = 4.33; p < 0.033), supporting the idea 
that RS had primed the gene for responsiveness. Additionally, the DNAm 
levels at cg34791938_TC11 significantly correlated with the change in 
mechanical thresholds observed following the RS paradigm at 
cg34791938_TC11: r2 = 0.37, p < 0.05) but not at cg34792474_TC21 
(r2 = 0.29, p = 0.08, Fig. 4E1, E2) and not with Fkbp5 mRNA levels at 
day 14 (Fig. 4F). There was no correlation between the Fkbp5 mRNA 
levels at day 14 and the RS-induced change in mechanical thresholds 
(Fig.S8).

3.7. Exposure to stress in adulthood leads to epigenetic changes at spinal 
cord levels often not associated with changes in gene expression

The DNAm analysis RS vs Control identified 11,644 DMPs with 
37.99 % in actively transcribed promoter regions (Tss, TssFlnk) within 
their closest gene in mouse neural tube chromatin segmentation (van der 
Velde et al., 2021). This included 509 of the 2,525 hypermethylated 
CpGs and 3,915 of the 9,119 hypomethylated CpGs. Pairing promoter 
CpGs with RNA expression (Fig. 4B) revealed 307 unique genes linked to 
hypermethylated promoter CpGs and 2780 unique genes to hypo
methylated promoter CpGs on day 14 after RS, when behaviour had 
returned to normal. However, only 1 of the hypermethylated genes 
(Plagl1) was concurrently down-regulated, and 11 of the hypomethy
lated genes (Acbd6, Aifm2, Ccs, Epha7, Fhod3, Fkbp5, Mthfd2, Pitpnb, 
Spock2, Vwc2 and Zwint) were up-regulated (out of a total of 77 up- 
regulated genes). These findings suggested that the RS-induced 
changes in the epigenomic landscape were more likely to modify gene 
responsiveness to future challenges, rather than sustaining persistent 
expression changes.

4. Discussion

Our results demonstrate that stress primes both male and female 
mice for prolonged inflammation-induced primary hyperalgesia in later 

Table 1 
Differentially Methylated Probes (DMPs) RS vs Control associated with genes linked to the HPA axis. CpGs are mapped to their closest gene, distance and chromatin 
state using mouse neural tube (E15.5) segmentation. FC: log2-fold change contrast. HMM: Chromatin state signatures established using hidden Markov model. Chr: 
Chromosome. Genes full name and ID listed in Table S5.

Probe ID Location Gene chrHMM CpG Island Distance to TSS (b) Log2FC p

cg34791938_TC11 chr17:28486463 Fkbp5 Tss S_Shore − 313 − 0.24 0.043
cg31134886_TC11 chr12:110696239 Hsp90aa1 Tss Island 51 − 0.38 0.024
cg34952220_BC21 chr17:45572421 Hsp90ab1;Gm35399 Tss N_Shore 835 − 0.22 0.015
cg34952221_BC11 chr17:45572453 Hsp90ab1;Gm35399 Tss N_Shore 803 − 0.33 0.001
cg31852209_BC21 chr13:83530040 Mef2c EnhPois OpenSea 25,800 − 0.35 0.009
cg31852250_BC21 chr13:83536465 Mef2c QuiesG OpenSea 32,225 − 0.19 0.043
cg31852551_TC11 chr13:83575702 Mef2c QuiesG OpenSea 71,462 − 0.19 0.043
cg31852609_BC21 chr13:83586607 Mef2c QuiesG OpenSea 82,367 − 0.32 0.019
cg31852653_TC21 chr13:83592947 Mef2c QuiesG OpenSea 88,707 0.29 0.016
cg31853129_TC21 chr13:83656519 Mef2c EnhPois OpenSea 152,279 − 0.23 0.041
cg31851968_TC21 chr13:83504342 Mef2c;Gm33317 Quies OpenSea 102 − 0.18 0.041
cg40371748_BC21 chr3:135637477 Nfkb1 QuiesG OpenSea 31,863 − 0.22 0.014
cg40372129_TC21 chr3:135667764 Nfkb1 QuiesG OpenSea 1576 − 0.28 0.012
cg35635374_TC21 chr18:39422515 Nr3c1 TxWk OpenSea 67,332 − 0.32 0.024
cg35635943_BC11 chr18:39490039 Nr3c1 Tss Island − 192 0.49 0.001
cg35636071_BC21 chr18:39491544 Nr3c1 Tss Island − 869 − 0.26 0.007
cg45859148_TC11 chr8:76900117 Gm10649; Nr3c2 Tss Island 57 − 0.31 0.008
cg41489811_TC21 chr4:132131095 Oprd1 QuiesG OpenSea 13,392 − 0.21 0.021
cg28138698_BC21 chr10:6979665 Oprm1;Ipcef1 TssFlnk OpenSea 801 − 0.27 0.005
cg30318030_BC21 chr12:3959937 Pomc Tss Island 4986 − 0.21 0.012
cg39323159_BC21 chr2:169633030 Tshz2 Tss N_Shore − 646 − 0.45 0.002
cg39323590_TC21 chr2:169662164 Tshz2 QuiesG OpenSea 28,488 − 0.22 0.031
cg39325299_TC21 chr2:169783649 Tshz2 QuiesG OpenSea 149,973 − 0.22 0.029
cg39326195_TC21 chr2:169842640 Tshz2 EnhPois OpenSea 208,964 − 0.21 0.014
cg39326879_TC11 chr2:169884840 Tshz2 Tx OpenSea 251,164 0.27 0.042
cg39326881_BC21 chr2:169884910 Tshz2 Tx OpenSea 251,234 − 0.24 0.032
cg39326933_TC11 chr2:169886400 Tshz2 TxWk OpenSea 252,724 0.23 0.017
cg39327361_BC21 chr2:169912922 Tshz2 EnhPois OpenSea 279,909 − 0.36 0.005
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life, with FKBP51 mediating this stress-induced vulnerability in male 
mice at least. Stress induced numerous changes in DNAm at spinal cord 
level, including hypomethylation at a CpG overlapping the TSS of the 
gene Fkbp5, but reversal of hypomethylation at this locus was not 
necessary to prevent the increased vulnerability to persistent pain. 
Nonetheless, pharmacological inhibition of FKBP51 prevented the 
priming and reversed a number of DNAm changes identified in regula
tory sequences of stress and nociceptive signalling related genes, sug
gesting that FKBP51 and the activation of the HPA axis were key to the 

underlying mechanisms.

4.1. Sex differences in stress-induced increased vulnerability to persistent 
pain

Stressed male and female mice developed mechanical hypersensi
tivity following stress and exacerbated CFA-induced hypersensitivity, 
with females exhibiting greater and longer-lasting exacerbation. This 
aligns with reports of heightened sensitivity to chronic pain and stress- 

Fig. 3. FKBP51 inhibition during stress exposure reverses some, but not all, changes in sub-chronic stress induced changes in spinal DNA methylome. (A) Hind paw 
mechanical withdrawal thresholds in male mice. Green panel indicates the 3 days of RS paradigm and red panel indicates the days of active SAFit2-VPG. N = 6/ 
group. (B) Fkbp5 mRNA levels in spinal cord superficial dorsal horn assessed by RT-qPCR at day 5 (48 h post RS). (C) Fkbp5 DNAm atday 14. (D) Venn Diagram 
showing the intersection of hypomethylation and hypermethylated CpGs across the 2 DNAm studies. (E) DNA methylation levels in selected genes assessed using the 
Infinium Mouse Methylation BeadChip arrays in 2 independent studies: RS vs Control and Vehicle vs SAFit2-VPG. Y-axis: methylation levels (0–1). *p < 0.05 nominal 
significance within each study. N = 6/group.
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related disorders in females (Casale et al., 2021; Fillingim, 2017, 2000). 
Unexpectedly, Fkpb5 KO females were less resilient than KO males to 
both stress-induced hypersensitivity and stress-induced increased 
persistent pain vulnerability, despite FKBP51′s known role in persistent 
pain across sexes (Maiarù et al., 2018, 2016; Wanstrath et al., 2022). Our 
findings therefore suggest that FKBP51 was likely to drive the increased 
susceptibility to persistent pain in stressed male mice at least. As sex ×
treatment interactions were not significant, our study may have been 
underpowered to detect female-specific effects.

4.2. FKBP51 as a mediator of stress-induced persistent pain vulnerability 
but not stress-induced hypersensitivity

To confirm FKBP51′s role in the increased susceptibility to persistent 
pain after stress, we used the inhibitor SAFit2. In our previous studies 
(Hestehave et al., 2024b; Maiarù et al., 2022, 2018, 2016), we found 
that SAFit2 administration reduced mechanical hypersensitivity at any 
time during the persistent phase of the pain states, regardless of the 
levels of Fkbp5 mRNA, suggesting a lack of correlation between FKBP51 
levels and hypersensitive state, as observed in this study (Fig.S8). Here, 
SAFit2 did not reduce hypersensitivity from sub-chronic stress, despite 
its efficacy in preventing pain after acute prolonged stress in a PTSD 
model (Wanstrath et al., 2022). Unlike our paradigm, the PTSD model 
involves a single, acute and rapid stress exposure. Our findings therefore 
suggest that FKBP51 inhibition alone cannot prevent sub-chronic stress- 
induced hypersensitivity. However, it was sufficient to block the exac
erbation of subsequent CFA-induced pain.

4.3. FKBP51 and stress signaling

Stress exposure increased blood serum glucocorticoid and spinal 
Fkbp5 mRNA, and decreased spinal Nr3c1 mRNA, the gene encoding GR, 
48 h after the last exposure to stress. While stress-induced gene 
expression changes occur rapidly (Droste et al., 2008; McKibben et al., 
2025; Roszkowski et al., 2016), we focused on a later time point to assess 
links to persistent pain phenotype, as Fkbp5 mRNA remains elevated for 
at least 48 h after the initiation of persistent pain states (Geranton et al., 
2007; Maiarù et al., 2016). We had found that Nr3c1 mRNA was upre
gulated at this time point after physical injury, unlike the down
regulation reported here following stress, suggesting intricate HPA axis 
regulation. The observation in our current study aligns with reports of 
reduced GR expression in humans following increased DNAm in NR3C1 
promoter region upon stress exposure (McGowan et al., 2009; Mourtzi 
et al., 2021; Palma-Gudiel et al., 2015; van der Knaap et al., 2015; Van 
Der Knaap et al., 2014). We also report an increase in Nr3c1 DNAm at 
cg35635943_BC11 within 200 bp of TSS (− 192 bases) measured at day 
14 after RS, likely to drive the early downregulation in Nr3c1 gene 
expression observed at day 5. Nr3c1 mRNA was no longer down
regulated at the time point of the DNAm analysis (day 14), suggesting 
that the stress-induced change in epigenome was longer lasting than the 
change in gene expression. Crucially, FKBP51 inhibition that prevented 
the primed state did not reverse the stress-induced change in Nr3c1 or in 
Fkbp5 DNAm.

Stress also increased CFA-induced cFos in the superficial dorsal horn, 
indicating enhanced nociceptive signalling. FKBP51 inhibition pre
vented the RS-induced priming, but had no effect on cFos, suggesting 
that prevention of early cFos expression is not required to prevent the 

Table 2 
Inversely Differentially Methylated Probes (DMPs) in RS vs Control and SAFit2 vs Vehicle studies, associated with genes relevant to priming mechanisms and noci
ceptive processing. CpGs are mapped to their closest gene, distance and chromatin state using mouse neural tube (E15.5) segmentation. FC: log2-fold change contrast. 
HMM: Chromatin state signatures established using hidden Markov model. Chr: Chromosome. *: p < 0.05 nominal significance. Genes full names and ID listed in 
Table S5.

Probe ID Location Gene chrHMM CpG Island Distance to TSS [b] Log2FC 
[RS v C]

Log2FC 
[SAF v V]

cg37490258_TC21 chr1:134227322 Adora1 ReprPCWk OpenSea 8076 − 0.22* 0.03
cg37490375_TC21 chr1:134234980 Adora1 Tss Island 418 − 0.27* 0.32*
cg37490390_TC21 chr1:134235378 Adora1 Tss Island 20 − 0.28* − 0.09
cg32202181_BC21 chr14:14065649 Atxn7;Gm31222 EnhLo OpenSea 52,505 − 0.22* 0.34*
cg41934297_BC11 chr5:24413788 Cdk5;Asic3 EnhPr OpenSea 396 − 0.07 0.27*
cg41934464_BC11 chr5:24423576 Cdk5;Slc4a2 Tss Island − 45 − 0.30* 0.19
cg41934498_BC11 chr5:24424233 Cdk5;Slc4a2 Tss N_Shore − 702 − 0.40* 0.31*
cg44629423_BC11 chr7:63099616 Chrna7 TxWk OpenSea 112,898 − 0.29* 0.32*
cg37370549_BC21 chr1:118837448 Gli2 QuiesG Island 216,172 0.35* − 0.52*
cg37373088_TC21 chr1:119053399 Gli2 Tss Island − 59 − 0.29* − 0.06
cg37373136_TC21 chr1:119053964 Gli2 Tss S_Shore − 624 − 0.16* − 0.19
cg28543573_BC11 chr10:62269830 Hk1 Tx Island 88,533 − 0.26* 0.07
cg28545312_TC21 chr10:62379648 Hk1 Quies OpenSea 261 − 0.20 0.35*
cg40157026_BC21 chr3:107036594 Kcna3 Tss Island 55,209 − 0.22* 0.30*
cg33431604_TC11 chr15:66023650 Kcnq3 TxWk OpenSea 262,993 0.20* − 0.31*
cg33433235_BC21 chr15:66285882 Kcnq3;Gm27242 Tss Island − 1035 − 0.07 0.21*
cg35354185_BC21 chr17:90088342 Nrxn1 Tss OpenSea 1,000,385 − 0.02 0.26*
cg35357005_BC21 chr17:90588725 Nrxn1 TxWk OpenSea 499,759 − 0.21* − 0.18
cg35357276_BC21 chr17:90639340 Nrxn1 QuiesG OpenSea 449,144 − 0.13 0.37*
cg35358098_TC21 chr17:90793998 Nrxn1;Gm20491 Quies OpenSea 9 0.07 − 0.42*
cg35356156_TC11 chr17:90455680 Nrxn1;Gm32337 Tss Island 633,047 − 0.33* 0.33*
cg46952766_TC21 chr9:73044853 Rab27a Tss Island − 4 − 0.20* 0.28*
cg46953319_BC21 chr9:73086532 Rab27a QuiesG OpenSea 41,675 − 0.18 0.31*
cg29359119_BC21 chr11:29693160 Rtn4 Tss Island 213 − 0.22* 0.09
cg29359216_BC11 chr11:29694251 Rtn4 Tss S_Shore 1304 − 0.32* 0.51*
cg41966471_TC21 chr5:28460089 Shh TssBiv Island 1815 0.20* 0.15
cg41966716_TC21 chr5:28466583 Shh;9530036O11Rik TssBiv N_Shore 8309 − 0.25* − 0.20
cg41966750_TC11 chr5:28467038 Shh;9530036O11Rik TssBiv Island 8764 − 0.35* 0.40*
cg32201107_BC21 chr14:13961251 Thoc7;Atxn7 Tss Island − 189 − 0.21* 0.01
cg32201183_TC11 chr14:13961813 Thoc7;Atxn7 Tss S_Shore 373 − 0.19* − 0.22*
cg38735803_TC21 chr2:101689703 Traf6 Tx OpenSea 5488 0.23* − 0.27*
cg28130224_TC11 chr10:5643556 Vip Quies OpenSea 4338 − 0.05 0.24*
cg28130225_TC21 chr10:5643620 Vip Quies OpenSea 4402 0.33* − 0.26*
cg41966753_TC11 chr5:28467162 9530036O11Rik;Shh TssBiv S_Shore 8888 0.24* 0.10
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prolongation of persistent pain states. This aligns with our previous 
findings showing that Fkbp5 KO mice have reduced mechanical hyper
sensitivity in persistent pain states but normal levels of spinal cFos 
expression 2 h after pain state induction (Maiarù et al., 2016), consistent 
with reports of no correlation between cFos and pain behaviour (Gao 
and Ji, 2009). It also suggests that Fkbp5 deletion and pharmacological 
inhibition does not reduce primary afferent input into the superficial 
dorsal horn following noxious stimulation, which confirms our hy
pothesis that FKBP51 drives persistent pain at the level of the central 
nervous system (Maiarù et al., 2016).

4.4. Fkbp5 DNAm and chronic pain vulnerability

We and others have shown that early life trauma reduces Fkbp5 
DNAm at spinal cord level, where FKBP51 drives persistent pain states. 
Here, we report that sub-chronic stress in adulthood similarly reduces 
Fkbp5 DNAm in the spinal cord. This is an important observation, as the 
impact of stress in adults versus young individuals remains unclear, with 
some studies suggesting greater adult resilience (Klengel et al., 2013). It 
was also essential to demonstrate that adult stress can lead to DNAm 
changes at spinal cord level, a tissue rarely studied in humans. The 
nominal change in DNAm we report seems to prime Fkbp5 for hyper- 
responsiveness, as stressed mice had a higher level of Fkbp5 mRNA 
after CFA than those exposed only to CFA or stress. Together, these 

observations would suggest that exposure to stress primes for chronic 
pain vulnerability through de-methylation of Fkbp5. However, our 
findings also suggest that de-methylation of Fkbp5 alone is not sufficient 
to promote vulnerability, as inhibition of FKBP51 during the stress 
period prevented the priming but not the change in Fkbp5 DNAm. 
Nonetheless, SAFit2 did reverse a number of stress-induced changes 
DNAm (Table 2), notably in the pro-nociceptive genes Rtn4, Cdk5, Nrxn1 
and Gli2.

4.5. Epigenetic changes and long-term pain vulnerability

Our experiments suggest that stress induces longer-lasting DNAm 
changes than mRNA expression shifts. Fourteen days post-stress, we 
identified 4,424 DMPs in promoter-active chromatin across 3,590 
unique genes (3,087 present in RNA sequencing data). However, gene 
expression differences were minimal (n = 230, FC > 1.2, p < 0.05), 
indicating that DNAm alterations alone did not drive significant tran
scriptional changes but may have primed genes for future responses. 
This aligns with the observations that DNA methylation, chromatin 
dynamics and transcription factor occupancy work on differing time 
scales (Guerin et al., 2024) and that DNAm may contribute to the sta
bility of transcriptional regulation (Schübeler, 2015).

Our findings also support the idea that DNA methylation profiling 
may offer valuable insights into various biological processes and have 

Fig. 4. Fkbp5 mRNA is upregulated after RS when both cg34791938_TC11 and cg34792474_TC21 are hypomethylated. (A) Volcano plot visualising the differential 
expression contrasting RS mice vs controls. The x-axis denotes the log2 fold change (FC) in RNA expression between the two conditions, with positive values 
indicating higher expression in the RS group and negative values indicating higher expression in controls. The y-axis represents the − log10 transformed p-values. 
Data are adjusted for cell type heterogeneity. (B) Scatter plot visualising the intersection between CpGs occurring in promoter regions that are differentially 
methylated by RS and corresponding changes to RNA expression in the same samples. Y-axis: Log2RNA expression (RS/control). (C) Fkbp5 mRNA levels from 
sequencing data. N = 6/group. (D) RT-qPCR quantification of Fkbp5 mRNA in the ipsilateral dorsal horn of the spinal cord 48 h after CFA injection. One way ANOVA: 
F2,15 = 4.33, p < 0.05; post hoc analysis: Fisher’s LSD: *p < 0.05. N = 6/group. (E) Correlation between mechanical threshold (average day 4–10) and DNAm at 
cg34791938_TC11 (E1) and cg34792474_TC21 (E2). (F) Correlation between DNAm at cg34791938_TC11 and Fkbp5 mRNA levels at day 14.
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the potential to reveal clinically relevant information, as methylation 
profiles may reflect not only the activity of transcription factors but also 
serve as potential biomarkers for disease states. Recent studies have 
demonstrated that even non-affected tissue can yield informative DNA 
methylation profiles, aiding in treatment decisions, clinical cohort 
stratification, and potentially guiding personalized medicine (Yousefi 
et al., 2022). Large-scale cohort studies promise to deepen our under
standing of how specific DNA methylation patterns relate to disease 
phenotypes, enhancing the potential for methylation to be used in dis
ease prognosis (Schübeler, 2015).

4.6. Limitations

While this study provides important insights, several limitations 
should be noted. The impact of pharmacological inhibition of FKBP51 
was not tested in female mice, while SAFit2 is equally effective in both 
sexes in managing established persistent pain (Hestehave et al., 2024b; 
Maiarù et al., 2018). While our findings with the Fkbp5 KO suggest that 
the susceptibility to stress-induced chronic pain vulnerability is less 
likely to be driven by FKBP51 in females, we did not observe any sex x 
treatment interactions and SAFit2-VPG may still have had an effect in 
this group. We also assumed that our behavioural observations 
following FKBP51 inhibition in both males and females were linked to 
changes to the HPA axis. This is because our previous work showed that 
FKBP51 influences pain behaviour in a GR-dependent manner, with 
Fkbp5 KO mice displaying impaired GR signalling that contributed to 
reduced hypersensitivity in chronic pain (Maiarù et al., 2018, 2016). 
These findings, together with abundant literature linking FKBP51 to 
stress axis regulation, make HPA axis involvement the most plausible 
explanation for our results. Nonetheless, a direct measure of HPA axis 
function would be required to conclusively establish its role in our study.

5. Conclusion: Implications for chronic pain and stress disorders

Our findings indicate that sub-chronic stress primes both male and 
female mice for prolonged inflammatory pain, with FKBP51 proving 
crucial to this vulnerability, particularly in male mice. The molecular 
insights gained, including DNAm changes in pain-related regulatory 
gene sequences at spinal cord level, underscore FKBP51′s potential as a 
therapeutic target for chronic pain in humans.
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