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Abstract

Despite the effort on developing new treatments, therapy for neuropathic pain is still a clinical challenge and combination
therapy regimes of two or more drugs are often needed to improve efficacy. Accumulating evidence shows an altered expres-
sion and activity of histone acetylation enzymes in chronic pain conditions and restoration of these aberrant epigenetic
modifications promotes pain-relieving activity. Recent studies showed a synergistic activity in neuropathic pain models by
combination of histone deacetylases (HDACs) and bromodomain and extra-terminal domain (BET) inhibitors. On these
premises, the present study investigated the pharmacological profile of new dual HDAC/BRD4 inhibitors, named SUMS52
and SUM35, in the spared nerve injury (SNI) model in mice as innovative strategy to simultaneously inhibit HDACs and
BETs. Intranasal administration of SUMS52 and SUM35 attenuated thermal and mechanical hypersensitivity in the absence of
locomotor side effects. Both dual inhibitors showed a preferential interaction with BRD4-BD2 domain, and SUMS52 resulted
the most active compound. SUMS52 reduced microglia-mediated spinal neuroinflammation in spinal cord sections of SNI mice
as showed by reduction of IBA1 immunostaining, inducible nitric oxide synthase (iNOS) expression, p65 nuclear factor-xB
(NF-xB) and p38 MAPK over-phosphorylation. A robust decrease of the spinal proinflammatory cytokines content (IL-6,
IL-18) was also observed after SUMS52 treatment. Present results, showing the pain-relieving activity of HDAC/BRD4 dual
inhibitors, indicate that the simultaneous modulation of BET and HDAC activity by a single molecule acting as multi-target
agent might represent a promise for neuropathic pain relief.
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Introduction to severe chronic pathologies (i.e., cancer, diabetes, etc.).

Despite the effort on developing new treatments, therapy

The prevalence of chronic neuropathic pain is around
6.9-10% of general population [1] and these estimates are
going to rise due to aging population and increased survival
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for neuropathic pain is still a clinical challenge. Complete
pain-relieving activity is usually not achieved and available
treatments produced limited efficacy (about 30-50%) in a
portion (20-40%) of patients [2]. Furthermore, dose-related
side effects can limit tolerability and the higher, more effi-
cacious doses often present intolerable side effects [3, 4].
To address these limitations, combination therapy regimes
are often employed, and recent investigations indicate some
combinations of two or more drugs as a valuable and safer
approach in neuropathic pain states [5, 6].

Accumulating evidence shows an important role of epi-
genetic enzymes in chronic pain conditions. Altered DNA
and histone methylation, histone acetylation, and micro-RNA
activity have been described in chronic pain states and res-
toration of these aberrant epigenetic modifications has been
associated with pain-relieving activities [7, 8]. Among these
epigenetic events, histone acetylation processing appears to
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play a key role in chronic pain development and maintenance
[9, 10]. Histone acetylation processing involves histone acet-
ylation writers (histone acetyltransferases (HATS)), erasers
(histone deacetylases (HDACS)), and readers (bromodomain
and extra-terminal proteins (BET)). Histone acetylation is
driven by the HATs, which acetylate lysine amino acids on
histones promoting gene transcription [11] whereas removal
of acetyl groups from histones is catalyzed by HDACs that
condense chromatin, and thereby reduce gene transcription
[12]. Readers display affinity for specific epigenetic marks on
histones to form large multi-protein complexes [13]. Eighteen
HDAC:S have been identified in humans and classified into
four groups based on sequence homologies: class I (HDAC
1, 2, 3, and 8); class Ila (HDACs 4, 5, 7, and 9); class IIb
includes HDACs 6 and 10; class III (sirtuins 1-7); class
IV (HDAC 11) [12]. BET family consists of four proteins:
Brd2, Brd3, Brd4, and bromodomain testis-specific protein
(BRDT). These proteins contain two N-terminal bromodo-
mains which specifically recognizes and binds acetylated
lysine residues on histone tails to promote transcription [14].

Several studies indicated an upregulation of HDACs in
neuropathic pain conditions [15—18] and restoration of these
aberrant epigenetic modifications by treatment with histone
deacetylase inhibitors produced pain-relieving activity in
clinical [19] and preclinical studies [20, 21]. Altered spinal
activity of BETSs has also been described in neuropathic pain
models and treatment with BET inhibitors (BETi) amelio-
rated pain hypersensitivity [22—24]. In addition, recent stud-
ies showed a synergistic activity in neuropathic pain models
by combination of HDAC and BET inhibitors [25]. An inno-
vative strategy to simultaneously inhibit HDACs and BETs
is represented by dual inhibitors, single molecules able to
modulate more than one target. Dual HDAC/BET inhibi-
tors have shown improved clinical outcomes as anticancer
therapy [26], but their effectiveness in neuropathies has not
yet been investigated. Thus, the aim of the present study is
to investigate the efficacy of dual HDAC/BET inhibitors in
a mouse spared nerve injury model.

Materials and Methods
Animals and Ethics Approval

Male CD1 mice (24-26 g, 4 weeks old) from the Harlan
Laboratories (Bresso, Italy) were used. Mice were housed
under standard conditions as previously described [27].
Experiments were carried out in accordance with interna-
tional laws and policies (Directive 2010/63/EU of the Euro-
pean parliament and of the council of 22 September 2010 on
the protection of animals used for scientific purposes; Guide
for the Care and Use of Laboratory Animals, US National
Research Council, 2011). Protocols were approved by the
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Animal Care and Research Ethics Committee of the Univer-
sity of Florence, Italy, under license from the Italian Depart-
ment of Health (410/2017-PR).

Animal studies are reported in compliance with the ani-
mal research: reporting of in vivo experiments (ARRIVE)
guidelines [28]. Protocols were designed to minimize the
number of animals used and their suffering.

Mice were sacrificed by cervical dislocation for removal
of spinal cord for in vitro analyses. The number of animals
per experiment was based on a power analysis [29] and
calculated by G power software. To determine behavioral
parameters, each tested group was comprised of 8 animals.

Drug Administration Protocol

Mice were randomly assigned to each treatment group. To
evaluate the pharmacological profile of SUM35 (N-hydroxy-
6-(1-methyl-6-phenyl-4H-benzol[f][1,2,4]triazolo[4,3-a][1,4]
diazepin-8-yl)hex-5-ynamide), SUMS52 ((S)-N-hydroxy-7-
(2-(1-methyl-6-phenyl-4H-benzo[f][1,2,4]triazolo[4,3-a]
[1,4]diazepin-4-yl)acetamido)heptanamide) (Fig. 1F), syn-
thesized in the laboratory of Prof. Maria Novella Romanelli,
iBET762 (molibresib; (4S)-6-(4-Chlorophenyl)-N-ethyl-
8-methoxy-1-methyl-4H-[1,2,4]triazolo[4,3,a][1,4] ben-
zodiazepine-4-acetamide, and SAHA (vorinostat; suber-
oylanilide hydroxamic acid) (Sigma-Aldrich, Italy) were
administered 15 min before the tests. Drugs were dissolved
in 5% DMSO. Drug concentrations were prepared in such a
way that the necessary dose could be administered in a vol-
ume of 10 ul per mouse by intranasal (i.n.) administration.
The experimental protocol to test the effect of treatments
on behavioral and in vitro tests included 3 control groups:
untreated, vehicle (5% DMSO), and saline. A representative
figure of the experimental protocol in naive (C) and SNI (F)
mice has been inserted in Supplementary Fig. 1.

Treatments were administered on post-surgical day 7 and
14 and spinal cords for in vitro tests were removed at the
peak of efficacy of treatments.

Intranasal (i.n.) Administration

For i.n. administration, mice were slightly anesthetized by
2% isoflurane inhalation and placed in a supine position [30].
A5 pl aliquot of solution (treatments or vehicle) was slowly
dropped alternatively to each nostril with a micropipette tip.

Spared Nerve Injury (SNI)

Behavioral testing was performed before surgery to establish
a baseline for comparison with post-surgical values. Mono-
neuropathy was induced by spared nerve injury and this model
of pain in mice has been in use for several years [31]. The SNI
procedure was performed as previously described [31].
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Fig.1 Effect of dual HDAC/BRD4 inhibitors on acute thermal
pain. A Antinociceptive profile of SUMS52 against an acute thermal
stimulus (hot plate test). B Time course study showing that SUMS52
100 pM increased the pain threshold 90 min after the intranasal
administration. C and D SUM35 (5-500 pM) did not produce any

Nociceptive Behavior

Animals were habituated to the testing environment daily
for at least 2 days before baseline testing. To evaluate onset
and progression of pain hypersensitivity, neuropathic mice
were monitored by measuring nociceptive responses every
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significant antinociceptive effect. E Normalizing data to the control
group, SUMS52 100 pM produced a significant analgesic effect com-
pared to SUM35 100 pM treated mice (C) (n=28 per group). F Chem-
ical structure of SUM35 and SUMS52

30 min for 3 h before surgery or 3, 7, 10, and 14 days
after nerve surgery. Experiments were performed on post-
surgery day 7 and 14 when the pain hypersensitivity was
well established. Each mouse served as its own control, the
responses being measured both before and after surgery.
All testing was performed with a blind procedure.
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Mechanical Allodynia

Mechanical allodynia was measured by using Dynamic
Plantar Aesthesiometer (Ugo Basile, Bologna, Italy), as
described [32]. Nociceptive response for mechanical sensi-
tivity was expressed as mechanical paw withdrawal thresh-
old (PWT) in grams. PWT was quantified by an observer
blinded to the treatment.

Hargreaves’ Plantar Test

Thermal nociceptive threshold was measured using Har-
greaves’ device, as described [33]. Nociceptive response for
thermal sensitivity was expressed as thermal paw withdrawal
latency in seconds. All determinations were averaged for
each animal.

Locomotor Activity
Rotarod Test

The possible alteration of motor performance induced by
each treatment was assessed by rotarod test, as previously
described [34]. The integrity of motor coordination was
assessed as number of falls from the rod in 30 s.

Hole-Board Test

The spontaneous locomotor behavior was evaluated by using
the hole-board test [35]. Movements of the animal on the
plane represent the spontaneous mobility, and the head-dips
in the holes by the mice represent the exploratory activity.

Western Blot Analysis

The lumbar spinal cord was removed 7 and 14 days after
surgery and 90 min after the intranasal administration of
SUMS52, corresponding to the peack of the effect. Samples
(n=4 for groups) were homogenized in a homogenization
buffer and processed as previously described [36]. Protein
samples (40 pg of protein/sample) were separated on 10%
SDS-PAGE and transferred onto nitrocellulose membranes
(120 min at 100 V) using standard procedures. Membranes
were blocked in PBST (PBS containing 0.1% Tween) con-
taining 5% nonfat dry milk for 120 min. Following washings,
blots were incubated overnight at 4 °C with specific anti-
bodies against HDAC-1 (1:1000; Santa Cruz Biotechnology
Cat# sc-81598, RRID:AB_2118083); Brd4 (1:1000; Santa
Cruz Biotechnology, Cat# sc-518021, RRID:AB_2861151);
IL-6 (1:1000; Santa Cruz Biotechnology Cat# sc-57315,
RRID:AB_2127596); p38 phosphorylated on Thr180/
Tyr182 (p-p38, 1:500; Cell Signaling Technology Cat# 4511,
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RRID:AB_2139682); iNOS (1:250, Santa Cruz Biotechnol-
ogy Cat# sc-7271, RRID:AB_627810), IBA1 (1:1000; Santa
Cruz Biotechnology Cat# sc-32725, RRID:AB_667733),
p-NF-kB p65 (1:500; Santa Cruz Biotechnology Cat#
sc-136548, RRID:AB_10610391), and IL-18 (1:1000;
Bioss Cat# bs-0812R, RRID:AB_10855142). After being
washed with PBS containing 0.1% Tween, the nitrocellulose
membrane was incubated with goat anti-rabbit horseradish
peroxidase-conjugated secondary antisera (1:10.000) and
left for 1 h at room temperature. Blots were then extensively
washed and developed using enhanced chemiluminescence
detection system (Pierce, Milan, Italy) and signal intensity
(pixels/mm?) quantified (ImageJ, NIH). The exposition and
developing time used was standardized for all the blots.
Several reports suggest that commonly used housekeep-
ing proteins are not equally expressed across cell types and
experimental conditions and quantification normalization of
signal intensity to total protein loading is preferred [37]. For
each sample, the signal intensity was normalized to that of
total protein stained by Ponceau S and the acquired images
were quantified using Image Lab software. Measurements
in control samples were assigned a relative value of 100%.

Immunofluorescence

On postsurgical day 14, animals were perfused transcardi-
ally with 4% paraformaldehyde in 0.1 M phosphate buffer
(PBS, pH 7.4). After perfusion, lumbar spinal cord was
quickly removed and processed as previously described [27,
38]. Four animals per groups were used for this analysis.
Lumbar spinal cord transverse sections possessed a thick-
ness of approximately 15 pm. Primary antibody used was
IBA1 (1:100; Santa Cruz Biotechnology Cat# sc-32725,
RRID:AB_667733). After rinsing in PBS containing 0.01%
Triton-X-100, sections were incubated in secondary anti-
bodies labeled with Invitrogen Alexa Fluor 488 (490-525,
1:400; Thermo Fisher Scientific), Invitrogen Alexa Fluor
568 (578-603, 1:400; Thermo Fisher Scientific), Cruz Fluor
594 (592-614, 1:400; Santa Cruz Biotechnology) at room
temperature for 2 h. Sections were coverslipped using Vec-
torshield mounting medium (Vector Laboratories, Burl-
ingame, CA). A Leica DM6000B fluorescence microscope
equipped with a DFC350FX digital camera with appropri-
ate excitation and emission filters for each fluorophore was
used to acquire representative images. Images were acquired
with X 5 to x40 objectives using a digital camera. The immu-
nofluorescence intensity was calculated by ImageJ (Wayne
Rasband, National Institute of Health, USA).
Co-localization of two different labels was measured
using EzColocalization plugin (ImagelJ). The extent of co-
localization was determined by calculating the Mander’s
overlap coefficient (MOC) and the Pearson’s correlation
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coefficient (PCC). MOC measures the percentage of over-
lap of two signals computationally standardizing size and
intensity and is characterized by a range of values between
0 (complete anticolocalization) and 1 (complete colocali-
zation). PCC quantify the correlation between individual
fluorophores considering their intensities. PCC is char-
acterized by determined value range: —1, which indicate
anticolocalization; +1, which indicates colocalization; O,
which indicates there is no colocalization.

FRET Bromodomain Binding Assay

The reader assay is a binding assay using AlphaScreen
technology FRET assay and was performed by Reaction
Biology (www.reactionbiology.com). The biotinylated
peptide binding to the reader domain of His-tagged pro-
tein is monitored by the singlet oxygen transfer from the
Streptavidin-coated donor beads to the AlphaScreen Ni-
chelate acceptor beads.

Reaction buffer: 50 mM Hepes, pH7.5, 100 mM NaCl,
0.05% CHAPS, 0.1% BSA, and 1% DMSO (the final
DMSO concentration may differ depending on compound
stock and test concentrations).

Bromodomain: BRD4-1: RBC Cat# RD-11-140:
Recombinant Human Bromodomain containing protein
4, bromodomain 1 (aa 44-170; Genbank Accession #
NM_058243), expressed in E. coli with N-terminal His-
tag. MW =17.8 kDa; BRD4-2: RBC Cat# RD-11-141:
Recombinant Human Bromodomain containing protein
4, bromodomain 2 (aa 349-460;Genbank Accession #
NM_058243), expressed in E. coli with N-terminal His-
tag. MW=15.7 kDa. Ligand (C-term-Biotin): Histone H4
peptide (1-21) K5/8/12/16Ac-Biotin. Detection beads:
PerkinElmer: Donor beads: Streptavidin-coated donor
beads; Acceptor beads: AlphaScreen Ni acceptor beads.

Reaction procedure:

1. Deliver 2.5X BRD in wells of reaction plate except No
BRD control wells. Add buffer instead.

2. Deliver compounds in 100% DMSO into the BRD mix-
ture by Acoustic technology (Echo550; nanoliter range).
Spin down and pre-incubation for 30 min.

3. Deliver 5X Ligand. Spin and shake.

4. Incubate for 30 min at room temperature with gentle
shaking.

5. Deliver 5X donor beads. Spin and shake.

6. Deliver 5X acceptor beads. Spin and shake. Then gentle
shaking in the dark for 60 min.

7. Alpha measurement (Ex/Em =680/520-620 nm) in
Enspire.

HDACGs Inhibition Assay

HDAC assay: To test the inhibition activity of compounds,
the HDAC1 immunoprecipitation (IP) & Activity Assay Kit
(Catalog # K342-25; Biovision) was used under the protocol
provided by the kit. HCT-116 cell lines were plated in 6
wells and treated with the investigated compounds at 10 uM
for 12 h. After incubation, the media was removed, and the
cells were washed with PBS (EuroClone) solution (2X).
Then, 200 pl/well of lysis buffer with protease inhibitor was
added and the cells were scraped and incubated in ice for
30 min. After centrifugation at 10,000 g for 10 min at 4 °C,
the supernatant was collected. One hundred micrograms
of each extract was incubated with 6 pl of Rabbit HDAC1
antibody and Rabbit IgG and the volume was reached to
500 ul with PBS with protease inhibitors. After incubation
at 4 °C overnight a rotary mixer, 25 pl of the protein-A/G
bead slurry, previously washed with PBS (2X), was added
to the samples and incubated for 1 h at 4 °C. The beads were
recovered after 3 washes with 1 ml PBS, by centrifuging at
14,000 g for~ 10 s and used for HDAC assay.

HDAC assay preparation: For each reaction, 168 ul reac-
tion mix containing HDAC assay buffer and HDAC substrate
was prepared, added to the sample and to background con-
trol tube, and incubated at 37 °C for 2 h. SAHA was used as
a positive control. To measure the total HDAC activity, 3 pl
of positive control was incubated with 4 ul HDAC Substrate
in a final volume of 180 ul with HDAC assay buffer. Then,
20 ul of the developer was added and incubated for 30 min
at 37 °C. The samples were centrifuged and 100 ul trans-
ferred in a black flat plate. The fluorescence was read at Ex/
Em =380/500 nm with Tecan M 1000 plate reader.

Data and Statistical Analysis

Behavioral test: Results are given as mean +s.e.m.; eight
mice per group were used. One-way and two-way analysis
of variance, followed by Tukey and Bonferroni post hoc test,
respectively, were used for statistical analysis. Western blot-
ting: Results are given as the mean +s.e.m. of band inten-
sities. Four mice per treatment group were used and each
run was in triplicate. The differences between groups were
determined by one-way ANOVA followed by Tukey post hoc
test. Immunofluorescence: Immunoreactive areas are mean
values (+s.e.m) of three separate experiments. Individual
experiments consisted of five tissue sections of each of the
4 animals per group. Differences among mean immunoreac-
tive areas or mean relative areas were statistically analyzed
by one-way ANOVA, followed by Tukey post hoc test or
Student’s ¢ test. For each test, a P value less than 0.05 was
considered significant. After ANOVA, the post hoc tests
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were run only if F achieved the necessary level of statistical
significance. The computer program GraphPad Prism ver-
sion 9.0 (GraphPad Software Inc., San Diego, CA, USA)
was used in all statistical analyses.

Results

Pharmacological Profile of SUM35 and SUM52
in Naive Mice After Acute Thermal Stimulus

The dual HDAC/BRD4 inhibitors SUM35 and SUMS52 were
investigated for antinociceptive activities after application of
an acute thermal stimulus.

SUMS52 showed thermal antinociceptive effects at doses
ranging from 5 to 500 uM, 90 min after intranasal (i.n.)
administration (Fig. S1B). The dose of 5 uM was ineffec-
tive, at 50 uM, there was a trend toward an increase in the
pain threshold and the thermal analgesia peaked at 100 uM.
Higher doses showed a progressive reduction of efficacy
with a bell-shaped trend (Fig. 1A). Time-course stud-
ies showed that SUMS52 100 uM progressively increased
the pain threshold with a peak of antinociceptive activ-
ity 90 min after administration. The effect disappeared at
120 min (Fig. 1B). SUM335, in the same range of concentra-
tions did not produce any significant increase of the ther-
mal pain threshold (Figs. 1C, D and S1A). A comparison
of the effects produced by both compounds administered at
the dose of 100 uM showed the higher efficacy of SUMS52
(Fig. 1E). In Fig. 1F, we reported the chemical structure of
SUM35 and SUMS2.

SUM52 and SUM35 Attenuation of Nociceptive
Behavior in SNI Mice

To complete the antinociceptive profile of the dual inhibi-
tors, their efficacy was investigated in a model of neuropathic
pain, the SNI model. Previous results from our laboratory
showed that SNI mice develop a persistent thermal allodynia
in the injured leg starting from 3 days after surgery that is
maintained up to 28 days post-surgery [39]. On the bases of
these time-course studies, experiments were conducted on
day 7 and 14 after surgery when pain hypersensitivity was
well established.

SUMS52 (10-100 uM) after 90 min from i.n. administra-
tion (Fig. S1E) showed a dose-dependent thermal antial-
lodynic activity. The dose of 10 uM was ineffective. At 50
and 75 uM attenuated the SNI-induced pain hypersensitivity
in the ipsilateral side in comparison with before treatment
values. At the dose of 100 uM, the effect was significantly
reduced showing a bell-shaped trend (Fig. 2A). Compari-
son between reaction times recorded in the ipsilateral side
(IPSI) and times of the contralateral side (CONTRA), used
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as internal control, showed thermal threshold values for
SUMS52 comparable to those recorded in the uninjured leg
(Fig. 2B).

In addition to thermal hypersensitivity, as already
observed, SNI mice developed an intense and prolonged
mechanical allodynia with a time-course similar to that
observed for thermal allodynia [40]. SUMS52 attenuated
SNI-induced mechanical allodynia with a similar profile
to that observed for the thermal antiallodynic activity
(Figs. 2C, D and S1H).

Conversely to results from acute pain paradigm, mice
treated with SUM35 reduced thermal (Fig. 3A, B) and
mechanical (Fig. 3C, D) allodynia in the ipsilateral side
in comparison with both ipsilateral side before treatment
and contralateral side values, reaching the statistical sig-
nificance at the dose of 100 uM (Fig. S1D, G). The dose
of 200 uM did not produce any significant increase of
pain threshold. These results showed that the dual HDAC/
BRD4 inhibitors are endowed with antiallodynic activity
in the presence of persisting pain rather than analgesic
properties in naive mice.

By comparing the antiallodynic activity values of the
investigated compounds normalized to the control group
values, a comparable efficacy in attenuating thermal
allodynia was shown by SUM52 (50 uM) and SUM35
(100 uM) (Fig. 4A). Time course studies showed that
the peak effect was reached for both molecules 60 min
after administration with a more prolonged affect by
SUMS52 (Fig. 4B). However, SUM52 showed a higher
efficacy (Fig. 4C) and more prolonged activity (Fig. 4D)
than SUM35 in attenuating mechanical allodynia. Sim-
ilar results were obtained at day 7 and 14 post-surgery
(Fig. 4A, C).

To complete the evaluation of the phenotypical effects
produced by dual inhibitors, we tested the most effective
molecule on locomotor behavior. No animal showed appar-
ent sedation or motor dysfunction by a single administration
of the active dose of SUMS52 (50 uM). In addition, no altera-
tion in the motor coordination, evaluated by the rotarod test
(Fig. 4E), spontaneous mobility and the exploratory activity
(Fig. 4F), evaluated by the hole board test, was detected.

The antiallodynic activity of the investigated dual HADC/
BRD4 inhibitors was compared to that produced by combina-
tion of the HDAC pan-inhibitor SAHA (vorinostat) and the
BRD4 inhibitor iBET762 (molibresib). Co-administration of
partially effective doses of the reference drugs (i-BET762
10 pg, SAHA 3 pg) increased both thermal (Fig. 5A) and
mechanical (Fig. 5D) pain threshold reaching a complete
antiallodynic activity with higher efficacy than full effec-
tive doses of each inhibitor (i-BET762 25 ng, SAHA 10 pg)
(Fig. 5A, D). SUMS52 showed a pharmacological profile that
paralleled that of the combined reference drugs against ther-
mal (Fig. 5B) and mechanical (Fig. 5E) allodynia. SUM35
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Fig.2 SMS52 relieves pain hypersensitivity in SNI mice (n=8 per
group). Dose-response curve of SUMS52 (10-100 uM) showed ther-
mal (A) and mechanical (C) antiallodynic activity in the ipsilateral
side (ipsi) of SNI mice compared to before treatment values. Compar-

showed a time-course similar to the reference drugs, even
though a significantly lower antiallodynic efficacy was
recorded (Fig. 5C, F). Consistent with results from acute pain
task, no significant effect was produced on the contralateral
side at active doses.

Effects of Dual Inhibitors on HDAC1 and BRD4
Proteins

Previous findings showed a selective overactivation of the
HDACI isoform with no modification in the expression of
HDAC?2 [41] and HDAC3 [42] in SNI mice. A prominent
role of HDAC1-mediated effects on pain hypersensitivity
was also illustrated [18, 42]. Among the BET isoforms,
BRD4 is mainly involved in peripheral and central inflam-
mation with a significant role in the pathology of inflamma-
tory diseases [43]. We, thus, decided to focus on HDAC1
and BRD4 isoforms for molecular investigations into the
mechanism of action of the dual HADC/BET inhibitors.

ison of the effect of SUMS2 in the contra and ipsilateral side showed
the absence of any thermal (B) or mechanical (D) analgesic effect in
the contralateral side

The capability to inhibit HDAC1 and BRD4 activity
was firstly investigated. BET proteins are characterized
by the presence of two tandem N-terminal bromodomains
(BD1 and BD2) and a C-terminal “extra-terminal” (ET)
domain. The BET bromodomain proteins can bind to two
N-g-acetylated lysine residues on histones and non-his-
tone proteins that are simultaneously recognized by the
same bromodomain module [44]. SUM35 and SUMS52
were both able to bind BRD4-BD1 (Fig. 6A) and BRD4-
BD2 (Fig. 6B) domains with a preferential interaction for
BRD4-BD2. Studies on the evaluation of the capability of
the SUM35 and SUMS52 to inhibit HDAC1 activity showed
a partial inhibition by both compounds (Fig. 6C).

SUMS52 showed a better pharmacological and biochemi-
cal profile than SUM35. Thus, further investigations on
the molecular effects were performed on spinal cord tis-
sue from SUMS52-treated SNI mice. Following i.n. deliv-
ery, SUMS52 was able to reach the spinal cord and dif-
fuse into the tissue, as showed by detection (Fig. 6D) and
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Fig.3 SUM3S5 attenuated pain hypersensitivity in SNI mice (n =8 per
group). Dose-response curve of SUMS52 (10-200 uM) showed ther-
mal (A) and mechanical (C) antiallodynic activity in the ipsilateral
side (ipsi) of SNI mice compared to before treatment values. Compar-

quantification (Fig. 6E) of the intrinsic fluorescence of the
molecule in comparison with vehicle-treated mice.

The expression of BRD4 (Fig. 6F) and HDACI (Fig. 6G)
proteins was increased in lumbar spinal cord samples of SNI
mice on day 7 and 14 post-surgery. Treatment with SUMS52
restored both epigenetic enzyme levels to control values.

Reduction by SUM52 of Microglia Activation

Following nerve damage, a remarkable microgliosis in the
spinal cord is usually detected and large evidence demon-
strated the contribution of activated microglia in the devel-
opment of pain hypersensitivity [45]. We evaluated whether
SUMS2 was able to reduce microglia activation in spinal
cord sections of SNI mice. Intrinsic fluorescence of SUM52
was detected in IBA1 positive microglial cells of SNI mice
(Fig. 7A) and treatment significantly reduced immunostain-
ing of the microglia marker IBA1 (Fig. 7B). In addition,
neuropathic mice exhibited markedly increased expression
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ison of the effect of SUMS52 in the contra and ipsilateral side showed
the absence of any thermal (B) or mechanical (D) analgesic effect in
the contralateral side

of NOS2, a marker of proinflammatory microglia in the ipsi-
lateral side. A comparable increase was detected at both day
7 and 14 post-surgery. SUMS2 reduced NOS2 overactivation
(Fig. 7C) indicating the prevention of microglial activation
after nerve injury by dual HDAC/BRD#4 inhibition.

Attenuation of Neuroinflammation by SUM52

The activation of microglia in the brain and spinal cord after
14 days from surgery promoted the release of proinflam-
matory mediators, leading to neuroinflammation which had
been associated to increased nerve excitability and neuro-
pathic pain [46]. We, thus, investigated the effects produced
by SUMS52 treatment on the expression of proinflamma-
tory mediators in spinal cord samples from the ipsilateral
side of SNI mice. The SNI procedure activated the nuclear
factor-kB (NF-kB) pathway, a driver of microglia activa-
tion. Western blotting experiments showed an increased
phosphorylation of the p65 subunit of NF-kB (Fig. 7D) that
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Fig.5 Time-course comparison of the antiallodynic activity of epi-
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tion showing potentiating effects in SNI mice. Comparison between
SUMS52 and SAHA +iBET762 combination against thermal (B) and

was robustly reduced by SUMS52 up to baseline values. SNI
mice also showed a robust over-phosphorylation of MAPK
p38 (Fig. 7E) and increased expression of the proinflamma-
tory cytokines IL-6 (Fig. 7F) and IL-18 (Fig. 7G). Similar
results were obtained at day 7 and 14 post-surgery. SUMS52
treatment drastically reduced the aberrant expression of the
above-mentioned mediators up to control values.

Discussion

Increasing evidence indicates a significant role in chronic
neuropathic pain conditions of epigenetic enzymes involved
in histone acetylation modifications [9, 47]. However, neu-
ropathic pain, as many other neurological disorders, is a
multifactorial disorder with a complex pathophysiology
in which genetic, epigenetic, lifestyle, and individual fac-
tors contribute to the disease. Therapeutic agents targeting
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min after administration

min after administration

mechanical (C) allodynia showed comparable efficacy between treat-
ments. Comparison between SUM35 and SAHA +iBET762 com-
bination against thermal (E) and mechanical (F) allodynia showed a
lower antiallodynic activity by the dual inhibitor (n=8 per group)

only one cellular mechanism have not yet been successful.
Therefore, an effective therapy may require more complex
therapeutic approaches that consider targeting more than one
pharmacological target. On these bases, multi-target drugs
acting simultaneously on several disease-relevant targets are
expected to be a better therapy. In the present study, we pro-
vide the first evidence for a pain-relieving activity of dual
HDAC/BRD4 inhibitors.

The analgesic activity resulting from HDAC inhibition
in chronic pain conditions has been observed in numerous
clinical and preclinical studies. More recently, several inves-
tigations have showed that BET inhibition attenuated the
hypersensitivity to pain in models of central and peripheral
neuropathic pain [25]. Combinations of drugs with an epige-
netic mechanism of action are mainly studied as anticancer
therapy and several preclinical trials showed the synergistic
antitumor activity of combined HDAC/BET inhibitors in
comparison with single agent therapy [48—50]. A very recent
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SUMS?2 detected in spinal cord samples of SNI mice after i.n. deliv-

study from our research group reported that the combina-
tion of submaximal effective doses of SAHA (an HDAC
inhibitor) and i-BET762 (a BRD4 inhibitor) improved
pain-relieving activity in a mouse model of neuropathic
pain compared with full effective doses of the single agents
[51]. These positive results further supported the hypoth-
esis of a better management of neuropathic pain states by a
simultaneous inhibition of HDAC and BRD4 enzymes. We,
thus, designed, synthesized, and evaluated for pain-relieving
activity new dual HDAC/BRD4 inhibitors, labeled SUM35
and SUMS52, as an innovative pharmacological intervention
for neuropathic pain.

Targeting more than one disease-relevant target with
multi-target ligands appears to be superior to a combina-
tion therapy. The use of one molecule eliminates the risk of
drug interactions between the combined agents and reduces
the risk of drug interactions with other medications. There
is also a lower risk of adverse effects. Preclinical data sug-
gest strong synergy at reduced doses with BRD4 and HDAC
inhibitors, which has the potential to avoid the overlapping
toxicities associated with these two drug types [52]. Dif-
ferent pharmacokinetics of individual agents (divergent
bioavailability, requirement for different delivery routes,
etc.) might hamper the use of several drugs in one medical
preparation. In a model of neuropathic pain, the analgesic
activity of SAHA and i-BET762 peaked 60 and 90 min after
administration, respectively [51], limiting the additive or
synergistic interaction when administered simultaneously.

ery compared to vehicle-treated control mice. ***P <0.001 vs CTRL
(F) SNI procedure increased the expression of spinal BRD4 in the
ipsilateral side on day 7 (d7) and 14 (d14) post-surgery that returned
to basal values after SUMS2 treatment. G Spinal cord samples from
SNI mice showed an increased expression of HDACI1 protein in the
ipsilateral side (SNI) on d7 and d14 that was completely prevented
by SUMS52 administration (SUMS52 SNI). Dashed lines represent the
protein expression value from SNI contra. *P<0.05, **P<0.01 vs
contra; §P <0.05, §§P <0.01 vs vehicle-treated SNI ipsi (SNI)

Dual inhibitors offer a simplification of dosage regimen with
improved compliance by the patients [53].

Dual inhibitors were tested in animal models of acute and
persistent neuropathic pain. Both molecules showed a long-
lasting pain-relieving activity against thermal and mechani-
cal allodynia in SNI mice with a pharmacological profile
comparable to that showed by the combination of SAHA and
iBET762. SUMS52 showed higher efficacy as pain-relieving
agent than SUM35 in persistent pain tests and produced
acute thermal antinociception in naive mice. Conversely,
SUM35 did not induce any significant increase in the pain
threshold in acute pain models. Moreover, in animals with
neuropathy, both SUM52 and SUM35 were more effective in
reducing pain symptoms than in naive animals, highlighting
how the role of HDAC and BRD4 is greater in the central
nervous system after injury than after acute pain. Thus, a
personalized therapy for the use of these molecules in the
clinic research could be assumed.

The dual HDAC/BRD4 inhibitory mechanism of action
of the investigated molecules was confirmed by in vitro
assays. In the SNI model, an overexpression of the HDAC1
isoform has been observed in the ipsilateral side from day
7 to 21 after surgery [18, 42, 54] with no modification in
the expression of HDAC2 [41] and HDAC3 [42]. Thus,
both compounds were investigated in vitro for interac-
tion with HDACI isoform showing a partial inhibitory
activity. In addition, a high binding affinity toward BRD4
was detected. Consistent with behavioral results, SUM52
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Fig.7 Effect of SUM52 on SNI-induced microglia activation and
neuroinflammation. A Intrinsic fluorescence of SUMS52 was detected
in IBA1 positive microglial cells of SNI mice (merged images).
Scale bar=20 um. B Immunofluorescence images of lumbar spinal
cord of SNI mice (scale bar 100 um) with the quantification analy-
sis that showed the reduction of IBA1 immunostaining by SUMS52.
Dashed lines represent IBA1 immunostaining value from SNI contra.
*#P<0.01, *** P<0.001 vs contra; P<0.05 vs vehicle-treated SNI
ipsi (SNI). Spinal cord samples from SNI mice, collected on day 7

showed a better affinity profile. The dual mechanism was
also confirmed in SNI mice. At analgesic doses, SUMS52
reduced the spinal overexpression of HDAC1 and BRD4
induced by the peripheral neuropathy. Both molecules
showed a prominent effect in modulating the activation of
the BRD4-BD2 bromodomain. The preferential interaction
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(d7) and 14 (d14) post-surgery, showed an increase of the proinflam-
matory microglia marker iNOS (C), increased phosphorylation of the
proinflammatory transcription factor p65 (D) and p38 MAPK (E),
increased levels of proinflammatory cytokines IL-6 (F) and IL-18 (G)
in the ipsilateral side that were reduced up to basal levels by SUMS52.
Dashed lines represent the protein expression value from SNI contra.
*P<0.05, **P<0.01 vs contra; §P<0.05, §§P<0.01 vs vehicle-
treated SNI ipsi (SNI)

with BD2 appears favorable since BD2 selective inhibitors
have demonstrated fewer toxicities [55] and were predomi-
nantly effective in models of inflammatory and autoim-
mune disease [56], making them safer and more suitable
therapies for neurodegenerative disorders, including neu-
ropathic pain conditions.
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Inflammation in the CNS, called neuroinflammation, is
triggered by the body to protect the brain from damage [57].
However, excessive or persistent neuroinflammation dam-
ages neuronal cells. Emerging evidence suggests that neu-
roinflammation is a key player in the onset and development
of neuropathic pain [58]. Microglia are the main effector
cells of neuroinflammation in the central nervous system
[59]. Thus, the effect on microglia activation of SUMS52,
the best performing dual inhibitor in behavioral tests, was
investigated. Following i.n. treatment with SUMS52, the
intrinsic fluorescence of the molecule was detected in SNI
spinal cord samples, showing the capability to reach the spi-
nal tissue with a noninvasive delivery route. SUM52 was
detected in microglia cells and quantification analysis of
spinal cord sections of SNI-treated mice showed a reduc-
tion of IBA1 immunostaining, indicating the capability of
SUMS52 to counteract proinflammatory microglia activation.
Microglia in the activation state promote inflammation by
the upregulation of iNOS, the activation of NF-xB path-
way, and the release of pro-inflammatory cytokines such as
IL-1pB and IL-6 [60]. SUMS52 treatment reduced the over-
expression of proinflammatory cytokines, iNOS, and pP38
MAPK and prevented the activation of the NF-xB signal-
ing pathway, showing an attenuation of neuroinflammation
induced by the neuropathy. High HDAC expression is an
important factor in promoting neuroinflammation. Class I
HDAC: are highly expressed in microglia [61] and are usu-
ally related to the inflammatory response of glial cells [62]
by the expression and release of proinflammatory factors
(e.g., IL-6, IL-1p, and TNFa) [63] through the activation of
the NF-kB signaling pathway. Several HDAC inhibitors have
been demonstrated to produce anti-inflammatory activities
through a reduction of proinflammatory responses in micro-
glia [64, 65]. Similarly, BET inhibition attenuated inflam-
matory responses in microglial cell lines [66, 67] mainly by
the modulation of NF-kB activation [68]. Among the BET
family members, BRD4 seems prominently involved in a
pro-inflammatory response by activating transcription of
NF-kB and NF-kB-dependent inflammatory genes [43, 69].
Consistent with these observations, SUMS52 prevented the
activation of the NF-«xB signaling pathway with an efficacy
similar to that of SAHA and i-BET762 used in combination.
In addition, a robust reduction of cytokine and p-P38 levels
was induced by SUMS52 treatment in comparison to a mod-
est modulation of IL-6 and IL-16 produced by SAHA and
i-BET762 combination. These results show a pain-relieving
activity of SUMS52 comparable to that produced by a com-
binatorial regimen. Indeed, a more pronounced attenuation
of the pro-inflammatory response was produced by the dual
inhibitor highlighting a promising activity toward neuroin-
flammatory conditions.

We evaluated the efficacy of epigenetic dual inhibitors
following i.n. delivery, a simple and non-invasive route of

administration. The i.n. route can transport drugs directly
to the brain, and it also allows delivery to the spinal cord
of macromolecules [70]. L.n. delivery has been previously
compared to intrathecal administration and comparable effi-
cacy was obtained [51, 71]. This administration route allows
self-medication in patients, and it may result beneficial for
drugs acting within the central nervous system.

In the present study, new dual HDAC/BRD4 inhibitors
were investigated as pain-relieving agents. These compounds
have been designed to assure simultaneous modulation of
BET and HDAC activity with a single molecule to avoid
potential pharmacokinetic limitations of the combination
therapy. Findings show that SUMS52, the most promising
dual inhibitor investigated, attenuates pain hypersensitivity
in the SNI model with an efficacy comparable to the com-
bination of SAHA (HDAC inhibitor) and i-BET762 (BRD4
inhibitor), but with a more efficient attenuation of spinal
neuroinflammation. Results are obtained following i.n.
administration, a non-invasive delivery system, to increase
the potential translation to a clinical use. The favorable
pharmacological profile of HDAC/BRD4 dual inhibitors
indicates that the development of multi-target agents might
represent a promise for neuropathic pain relief.
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