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A B S T R A C T

Degeneration of midbrain nigrostriatal dopaminergic neurons is a pathological hallmark of Parkinson’s disease 
(PD). Peripheral delivery of a compound(s) to arrest or slow this dopaminergic degeneration is a key therapeutic 
goal. Pan-inhibitors of histone deacetylase (HDAC) enzymes, key epigenetic regulators, have shown therapeutic 
promise in PD models. However as there are several classes of HDACs (ClassI-IV), class-specific inhibition will be 
important to ensure target specificity. Here we examine the neuroprotective potential of the Class-IIa HDAC 
inhibitor, TMP269. We show that TMP269 protected against 6-hydroxydopamine (6-OHDA)-induced neurite 
injury in SH-SY5Y cells and cultured rat ventral mesencephalic dopaminergic neurons. We find that TMP269 
upregulated the neurotrophic factor BMP2 and BMP-Smad dependent transcription signalling in SH-SY5Y cells, 
which was necessary for its neuroprotective effect against 6-OHDA-induced injury. Furthermore, peripheral 
continuous infusion of 0.5 mg/kg of TMP269 for 7 days via a mini-osmotic pump, reduced forelimb impairments 
induced by striatal 6-OHDA administration. TMP269 also protected dopaminergic neurons in the substantia nigra 
and their striatal terminals from striatal 6-OHDA-induced neurodegeneration and prevented the 6-OHDA- 
induced increases in the numbers of IBA1-positive microglia in the striatum and substantia nigra in vivo. 
TMP269 also prevented 6-OHDA-induced decreases in BMP2, pSmad1/5 and acetylated histone 3 levels, and it 
reversed 6-OHDA-induced increase in nuclear HDAC5 in dopaminergic neurons in the substantia nigra. These 
data add to the growing body of evidence that Class-IIa specific HDAC inhibitors may be pharmacological agents 
of interest for peripheral delivery with the goal of neuroprotection in PD.

1. Introduction

From a pathophysiological perspective, Parkinson’s disease (PD) is 

characterised by progressive degeneration of midbrain nigrostriatal 
dopaminergic neurons, and accumulation of aggregates of α-synuclein in 
the form of Lewy bodies and Lewy neurites, in several affected brain 
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regions. Loss of midbrain dopaminergic input to the striatum (caudate- 
putamen) results in the cardinal motor symptoms of PD, and most cur-
rent therapies are aimed at replacing the lost nigrostriatal dopaminergic 
neurotransmission (Bloem et al., 2021; Fahn et al., 2004). There are 
currently no neuroprotective treatments which can slow the gradual 
worsening of PD neuropathology; therefore, a major research goal is to 
identify therapies which can target the ongoing neurodegenerative pa-
thology. In particular, neuroprotective drugs that can be administered 
through a peripheral route is a major goal of current research efforts 
(Bloem et al., 2021; Kalia et al., 2015).

There is substantial evidence to show that there are alterations in 
histone acetylation in the post-mortem PD brain (Park et al., 2016; 
Harrison et al., 2019). Because of this, histone deacetylases (HDACs), 
enzymes that regulate histone acetylation, have been proposed as po-
tential therapies for targeting neurodegeneration in PD (Gupta et al., 
2020; Mazzocchi et al., 2020; Sharma et al., 2019). There are four classes 
of HDACs: Class I (HDAC1, HDAC2, HDAC3 and HDAC8), Class IIa 
(HDAC4, HDAC5, HDAC7, HDAC9), Class IIb (HDAC6 and HDAC10), 
Class III (SIRT1-7) and Class IV (HDAC11) (Mazzocchi et al., 2020). 
Ideal candidates for therapeutic application would be molecules that 
could be delivered peripherally and cross the blood-brain barrier to 
reach the degenerating nigrostriatal system. There is some evidence for 
potential neuroprotective effects of small-molecule HDAC inhibitors 
(HDIs) in laboratory models of PD. Some studies have shown beneficial 
effects of pan-HDIs, such as sodium butyrate (NaB) (Rane et al., 2012) 
and valproic acid (VPA) (Ximenes et al., 2015), in PD models while 
others have employed class-selective inhibitors, particularly inhibitors 
of Class I (Choong et al., 2016; Johnston et al., 2013) and Class IIb 
(Francelle et al., 2020; Dai et al. ; Grozinger et al., 1999; Jian et al., 
2017; Li et al., 2021; Pinho et al., 2016) HDACs.

However, there have also been reports of negative effects of HDIs in 
PD models. For example, it has been reported that the Class III HDI 
nicotinamide exacerbates neurodegeneration in the lactacystin in vivo 
rat model of PD (Harrison et al., 2015), and some HDAC1/II inhibitors 
have been shown to exacerbate 1-methyl-4-phenylpyridinium 
(MPP+)-induced death of cultured dopaminergic neurons (Park et al., 
2016). Therefore, there is uncertainty about which of the HDAC classes 
is the most relevant as a PD target and so it is important to investigate 
the therapeutic potential of inhibitors of distinct HDAC classes, to 
ascertain which has most potential in PD therapy.

There is an increasing body of evidence for Class-IIa HDACs being of 
interest in this regard. In terms of their expression and neuroprotective 
efficacy, Class IIa HDACs, including HDAC5, are expressed in DA neu-
rons in mouse SN (Mazzocchi et al., 2019; Wu et al., 2017), and gene 
co-expression studies have shown that HDAC5 and HDAC9, but not 
HDAC4 and HDAC7, are co-expressed with DA markers in the human SN 
(Mazzocchi et al., 2019, 2021). Treatment with the Class IIa HDIs, 
MC1568 and LMK235, have been shown to protect against MPP+- and 
α-synuclein-induced degeneration of DA neurons in vitro (Collins et al., 
2015; Mazzocchi et al., 2021), and knockdown of HDAC5, but not 
HDAC4 and HDAC7, protected against α-synuclein-induced neurite 
degeneration in SH-SY5Y cells (Mazzocchi et al., 2019).

While these data show the neuroprotective potential of these agents, 
a key consideration in a PD context is whether peripheral administration 
of Class-IIa HDIs can exert neuroprotective effects on nigrostriatal 
neurons in vivo. Evidence supporting this possibility comes from studies 
showing that intraperitoneal (i.p.) administration of the Class IIa- 
specific HDI, MC1568 (Mai et al., 2005) could reduce HDAC5 levels in 
the rat nucleus accumbens (Taniguchi et al., 2017), highlighting the 
feasibility of peripheral administration of HDIs for Class IIa HDAC in-
hibition in the brain. This is further supported by studies showing that i. 
p. injection of MC1568 reduced thimerosal-induced apoptosis in rat 
prefrontal cortex (Guida et al., 2016). Moreover, daily i.p. injection of 
MC1568 has been shown to reduce forelimb akinesia and partially 
protect nigral DA neurons and their striatal terminals from 6-OHDA-in-
duced neurodegeneration in adult rats (Mazzocchi et al., 2022). 

Although these results are promising, there is a need for further evidence 
to support the in vivo neuroprotective potential of Class-IIa HDIs in in 
vivo models of PD. While the small molecule MC1568 is the most 
well-characterised Class IIa-specific HDI (Mai et al., 2005), there are 
other Class-IIa HDIs whose neuroprotective potential in PD models has 
not been examined. One such compound is TMP269, a novel and se-
lective class IIa HDI with IC50s of 157 nM, 97 nM, 43 nM and 23 nM for 
HDAC4, HDAC5, HDAC7 and HDAC9, respectively (Lobera et al., 2013). 
Intraperitoneal administration of TMP269 has been reported to have 
neuroprotective effects in a rat model of middle cerebral artery occlu-
sion (Su et al., 2020). Moreover, i.p. injection of TMP269 was shown to 
protect against acute kidney injury in two distinct mouse models (Li 
et al., 2022).

In order to progress the potential application of Class-IIa HDIs as PD 
therapeutics, there is a need for information on the molecular mecha-
nisms by which they act on dopaminergic neurons. There is evidence 
showing that Class-IIa HDIs may upregulate bone morphogenetic pro-
tein (BMP) signalling, which is known to be neuroprotective pathway for 
DA neurons. We have previously shown that MC1568 can upregulate 
expression of BMP2 and of its downstream signalling molecule, SMAD1, 
in SH-SY5Y cells (Mazzocchi et al., 2019), and that it can partially 
protect against 6-hydroxydopamine (6-OHDA)-induced degeneration of 
SH-SY5Y cells in vitro and of adult rat nigrostriatal dopaminergic neu-
rons in vivo (Mazzocchi et al., 2022). We have also reported that the 
HDAC4/5 inhibitor LMK235 promotes BMP-SMAD activation, which is 
required for the neurite growth-promoting effects of LMK235 on 
SH-SY5Y cells (Mazzocchi et al., 2021). This is supported by studies 
showing that HDACs suppress BMP-promoted astrogliogenesis in the 
developing forebrain (Scholl et al., 2012), and that peripheral admin-
istration of TMP269 upregulates BMP7 in acute kidney injury models (Li 
et al., 2022). Collectively, the available evidence suggests that Class-IIa 
HDAC inhibition promotes BMP-SMAD signalling, but it is as yet un-
known whether BMP-SMAD signalling is required for the neuro-
protective effects of Class-IIa HDIs on dopaminergic neurons against 
6-OHDA-induced injury.

In the current study, we investigated the potential of TMP269 to 
protect against the detrimental effects of 6-OHDA in in vitro models of 
PD, and whether any neuroprotective effects of TMP269 required BMP 
signalling. TMP269 was chosen on the basis that it is a class-IIa HDAC 
inhibitor (Lobera et al., 2013), and peripheral administration of TMP269 
has been shown to be neuroprotective in a rat model of stroke (Su et al., 
2020), suggesting that it may exert effects in the brain following pe-
ripheral delivery. Given this, in the current study, we also examined the 
neuroprotective effects of sustained, controlled peripheral infusion of 
TMP269 via mini-osmotic pump delivery in the intrastriatal 6-OHDA 
adult rat model of PD.

2. Materials and methods

2.1. Cell culture

SH-SY5Y cells (ATCC; CRL-2266) were cultured in growth media 
consisting of Dulbecco’s Modified Eagle’s medium nutrient mixture F-12 
(DMEM/F-12) (Sigma), supplemented with 10% heat-inactivated foetal 
bovine serum (FBS) (Sigma), 100 nM L-Glutamine (Sigma), 100 U/ml 
Penicillin and 10 μg/ml Streptomycin (Both Sigma), and incubated in a 
humidified atmosphere at 37 ◦C and 5% CO2. Cells were plated at a 
density of 3 × 104 cells/well in a 24-well tissue culture plate (Sarstedt), 
or 5 × 104 cells/well in a 24-well plate for transfection. For differenti-
ated SH-SY5Y experiments, cells were cultured in growth media con-
sisting of DMEM-High Glucose (DMEM-HG; Sigma, D5796) 
supplemented with 10% heat-inactivated foetal bovine serum (FBS), 
100 nM L-Glutamine (Sigma), 100U/ml Penicillin and 10 μg/ml Strep-
tomycin (both Sigma). Cells were plated at a density of 1 × 104 cells/ 
well and differentiated as previously described (Taylor-Whiteley et al., 
2019). Briefly, cells were treated with 10 μM of retinoic acid (RA) 
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(Sigma R2625-50 MG) daily for 5 days. Following RA treatment, the 
media was changed on day 6, replaced with serum-free media, and 
subsequently cells were treated with 50 ng/ml of brain derived neuro-
trophic factor (BDNF) (Peprotech 450-02) for the next 7 days before 
beginning the experiment. For primary cultures, the ventral mesen-
cephalon was dissected from embryonic day (E)14 rat embryos, as 
previously described (Hegarty et al., 2016), under full ethical approval 
and licencing. Following dissection, tissue was enzymatically dissoci-
ated in a 3:2 solution of HBSS:Trypsin EDTA (both Sigma) and cells were 
plated at a density of 5 × 104 cells/well in a 24-well tissue culture plate 
which was pre-coated with 0.1 mg/ml poly-D-lysine (Sigma). Culture 
media consisted of DMEM/F-12 media, supplemented with D-glucose, 
100 nM L-Glutamine (Sigma), 100U/ml Penicillin and 10 μg/ml Strep-
tomycin (Both Sigma), 2% B27 (Gibco), and 1% FBS. Cells were treated 
with 6-OHDA or TMP269 for up to 72 h at concentrations and treatment 
regimens as indicated in the Figures and Figure legends.

2.2. Smad signalling activity

To assess BMP Smad signalling pathway activity in response to 
TMP269 treatment, a Smad GFP reporter assay was used. Briefly, SH- 
SY5Y cells were transfected using TransIT-X2® reagent (Mirus) with 
250 ng of the Cignal GFP Smad reporter plasmid DNA (Qiagen, CCS- 
017G), and then treated with 0.1 μM TMP269. Cells were then imaged 
at 48h post-transfection and GFP fluorescence intensity was analysed 
using ImageJ software (NIH).

2.3. Quantitative real-time PCR (RT-qPCR)

SH-SY5Y cells cultured for 12 h with or without 0.1 μM TMP269 and 
mRNA was extracted using the RNeasy RNA extraction kit (Qiagen) 
before being reverse-transcribed and the resulting cDNA amplified by 
qPCR (Hegarty et al., 2017) using primers and dual-labelled probes for 
BMP2, SMAD1, SMAD5, BMPR2, ACVR2A or BMPR1B. Target mRNA 
levels were expressed relative to the geometric mean of the reference 
mRNAs, glyceraldehyde phosphate dehydrogenase (GAPDH), Tata 
binding protein (TBP) and β2-microglobulin (B2M). The primers were: 
BMP2 forward: 5′-GGA GAT TCT TCT TTA ATT TAA G-3′ and reverse: 
5′-ACT GCT ATT GTT TCC TAA-3′; SMAD1 forward: 5′-CCA CTA TAA 
GAG AGT AGA AAG-3′ and reverse: 5′-CTG GAA AGA ATC TGG AAA-3′; 
SMAD5 forward: 5′-ATG CCC AGT ATA TCC AGC-3′ and reverse: 5′-GAA 
GGA TCT GTG AAT CCA TC-3′; BMPR2 forward: 5′-TGG GAA AGA AAC 
AAA TCT G-3′ and reverse: 5′-TGA GGA GGA AGA ATA ATC TG-3′; 
ACVR2A forward: 5′-CCA GCA TCC ATC TCT TGA-3′ and reverse: 5′-GTC 
GTG ATC CCA ACA TTC-3′; BMPR1B forward: 5′-CAC AGA AAG GAA 
CGA ATG-3′ and reverse: 5′-AGA GCA AAC TAC AGA CAG-3′; GAPDH 
forward: 5′-TGG TCT CCT CTG ACT TCA-3′ and reverse: 5′-GCT GTA GCC 
AAA TTC GTT G-3′; TBP forward: 5′-CTC ACA GAC TCT CAC AAC-3′ and 
reverse: 5′-AGG TCA AGT TTA CAA CCA A-3′; B2M forward: 5′-CCT GAA 
TTG CTA TGT GTC-3′ and reverse: 5′-CAG TGT AGT ACA AGA GAT 
AGA-3′. Dual labelled probes were: BMP2 5′-FAM-CCC ACG GAG GAG 
TTT ATC ACC-BHQ1-3′; SMAD1 5′-FAM-ACT TCC TCC TGT GCT GGT 
TCC-BHQ1-3′; SMAD5 5′-FAM-AGC CTG TTG CCT ATG AAG AGC 
C-BHQ1-3′; BMPR2 5′-FAM-TCA ATC CAA TGT CTA CTG CTA 
TGC-BHQ1-3′; ACVR2A 5′-FAM-ACA GAG CAT TGC CAT TCC 
AGC-BHQ1-3′; BMPR1B 5′-FAM-ACC TAC ACC CTA CAC TGC 
CTC-BHQ1-3′.

2.3.1. LDH assay
Where indicated, Lactate dehydrogenase (LDH) assay was performed 

using the CyQUANT LDH cytotoxicity assay (Thermo Fisher) according 
to the manufacturer’s instructions. Briefly, cell culture media was 
collected at the experimental end-point and the media was centrifuged 
at 1500 rpm for 5 min to remove any suspended cells or cellular debris. 
50 μl of media was then added per well to a clear, flat-bottomed 96-well 
plate, before adding an additional 50 μl of the assay substrate mix to 

each well and incubating in the dark at room temperature for 30min. 
Following the incubation period, 50 μl of the assay stop solution was 
then added to each well, before the absorbance in each well was 
measured at 490 nm and 680 nm using a Multiskan FC Microplate 
Photometer (Thermo Fisher).

2.4. Immunocytochemistry

For SH-SY5Y cells and primary cultures, cells were fixed using 500 μl 
of 4% paraformaldehyde per well at room temperature for 15 min. 
Following fixation, cells received 3 × 5 min washes in 10 mM PBS 
containing 0.02% Triton X-100 (PBS-T). Non-specific binding was 
blocked by incubating the cells in 500 μl of 5% bovine serum albumin 
(BSA) (Sigma) in 10 mM PBS for 1 h at room temperature. Following 
removal of the blocking solution, 200 μl of a solution containing the 
primary antibody diluted in 1% BSA in 10 mM PBS was added to the 
relevant wells and the plate was incubated overnight at 4 ◦C. The pri-
mary antibodies were: tyrosine hydroxylase (TH) (Millipore MAB318; 
1:200), BMP2 (Abcam; 1:500) acetylated histone H3 (Santa Cruz 
Biotechnology sc-56616; 1:200) phosphorylated-Smad (pSmad) 1/5/9 
(1:500; Cell Signalling #9516S). Following primary antibody incuba-
tion, cells received 3 × 5min washes in PBS-T before being incubated in 
200 μl of solution containing the appropriate Alexa Flour 594- or 488- 
conjugated secondary antibody (1:500; Invitrogen) diluted in 1% BSA 
in 10 mM PBS, and the plate was incubated at room temperature for 2 h. 
Then the secondary antibody solution was removed and cells received 3 
× 5min washes in PBS-T, before being incubated in 200 μl of solution 
containing 4′-6-Diamidino-2-phenylindole (DAPI) (1:3000; Sigma) in 
10 mM PBS at room temperature for 5 min in the dark. Immunostained 
SH-SY5Y cells and E14 VM cultures neurons were imaged using an 
Olympus IX71 inverted microscope. Where indicated, the fluorescence 
intensity of individual cells was measured by densitometry using ImageJ 
analysis software.

2.5. Neurite growth analysis

For both SH-SY5Y cells and primary VM culture neurite growth 
analysis, 5 non-overlapping microscopic fields of view were randomly 
selected per well per experiment and the images were captured using an 
Olympus IX71 inverted microscope with an Olympus DP 70 digital 
camera, and CellSens Dimension software (Olympus). Images were 
taken at 20× magnification. Neuronal complexity analysis was carried 
out using ImageJ software (NIH), with the scale calibrated to match the 
magnification at which the image was taken. For SH-SY5Y cells, neurite 
length was obtained by measuring the length of the primary neurite 
from the cell soma. For primary cultures, TH-immunostained neurons 
were selected in each image for measurement and neurite length was 
obtained by measuring the length of the primary neurite from the cell 
soma. A total number of 30 cells were analysed per group per experi-
ment and all experiments were repeated at least three times.

2.6. In vivo study design

32 adult (16 Female, 16 Male) Sprague-Dawley rats were purchased 
from Envigo, UK, and maintained on a 12h:12h light:dark cycle with 
access to food and water ad libitum. Animals were housed in groups of 
four in housing cages containing environmental enrichment. Animals 
were randomly assigned to one of four experimental groups with equal 
numbers of Females and Males in each group. Experimental groups 
consisted of: Sham/Vehicle (n = 8), Sham/TMP269 (n = 8), 6-OHDA/ 
Vehicle (n = 8) and 6-OHDA/TMP269 (n = 8). Sham/Vehicle group 
received stereotactic surgery with a sham injection of saline with 0.01% 
ascorbate, along with subcutaneous implantation of an Alzet model 
2001 mini osmotic pump containing PEG300 and 0.1% DMSO as a 
vehicle. Sham/TMP269 group received stereotactic surgery with a sham 
injection of saline with 0.01% ascorbate, along with subcutaneous 
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implantation of a mini osmotic pump containing PEG300 and TMP269 
in 0.1% DMSO. The osmotic pump delivered a continuous daily dose of 
0.5 mg/kg TMP269 up to 7 days post implantation. 6-OHDA/Vehicle 
group received stereotactic injection of 2 × 10 μg of 6-OHDA in saline 
with 0.01% ascorbate, along with subcutaneous implantation of a mini 
osmotic pump containing PEG300 and 0.1% DMSO. 6-OHDA/TMP269 
group received stereotactic injection of 2 × 10 μg of 6-OHDA in saline 
with 0.01% ascorbate, along with subcutaneous implantation of a mini 
osmotic pump containing PEG300 and 0.1% DMSO with TMP269 to 
deliver a daily dose of 0.5 mg/kg TMP269 for up to 7 days post- 
implantation. This dose of TMP269 was determined based on a study 
which administered TMP269 in doses of up to 16 mg/kg without any 
reported toxicity, and which also reported significant increases in his-
tone H2A acetylation in the motor cortex of Sprague-Dawley rats after a 
single i.p. injection of 1 mg/kg TMP269 (Su et al., 2020). Behavioural 
testing was performed at one week prior to stereotaxic surgery, and at 
days 4, 8, and 12 post-surgery. All experiments were conducted in 
accordance with the European Directive 2010/63/EU and under 
authorisation granted by the Health Products Regulatory Authority 
Ireland (AE19130/P182).

2.6.1. Stereotaxic surgery
Stereotaxic surgery was performed under general anaesthesia 

induced by isoflurane inhalation. Each animal was placed into a ste-
reotactic frame (Stoelting), an incision was made on the skull and two 
small holes were made into the skull. A two-site unilateral intrastriatal 
lesion was made by infusion of 6-OHDA hydrobromide (10 μg as free 
base (Sigma) in 3 μL saline with 0.01% ascorbate, into each of the two 
sites) at a rate of 1 μL/min with 2 min for diffusion, at the following co- 
ordinates: AP + 0.4, ML ± 3.1 and AP − 0.4, ML ± 4.3 from bregma, and 
DV − 5.0 below dura, with incision bar at − 2.3 mm (Surgical co-
ordinates as described by Kirik et al., 1998). After diffusion, the needle 
was withdrawn and sutures were performed. Post-surgery care consisted 
of animals receiving Meloxicam (1 mg/kg s.c.) as analgesic and 5% 
glucose solution (i.p.), then placed in an individually housed cage on a 
heated mat, and kept under observation until fully recovered, before 
being returned to their home cage.

2.7. Behavioural tests

The cylinder test was used to assess the spontaneous forelimb use of 
SD rats to evaluate the effect of TMP269 treatment on 6-OHDA induced 
forelimb asymmetry (Schallert et al., 2000). Briefly, animals were 
placed in a glass cylinder, and recorded for 5 min. Videos were then 
analysed using Behavioural Observation Research Interactive Software 
(BORIS) (University of Torino) where the first 20 independent forelimb 
touches to the cylinder wall upon full rearing were counted, and 
simultaneous left and right touches were discounted. Results were 
expressed as impaired forelimb use as a percentage of the total touches. 
The stepping test was used to assess forelimb akinesia (Olsson et al., 
1995). Briefly, animals were restrained to retain one free forelimb, 
which was placed on the benchtop. The animal was then moved side-
ways at a steady pace on the benchtop, across 90 cm in approximately 15 
s. The numbers of adjusting steps made by the unrestrained forelimb on 
both the ipsilateral and contralaterally lesioned sides were counted.

2.8. Tissue collection and processing

Animals were sacrificed at 14 days post-surgery under terminal 
anaesthesia with sodium pentobarbital (50 mg/kg), and transcardially 
perfused using 4% paraformaldehyde in 10 mM PBS. Once extracted, 
brains were placed in 4% paraformaldehyde in 10 mM PBS overnight, 
then placed in 30% sucrose solution for cryoprotection, before being 
snap-frozen in isopentane using liquid nitrogen. Cryosections were 
subsequently cut at 30 μm and placed in cryoprotectant (10 mM PBS 
with 30% ethylene glycol, 25% glycerol, 20% water) and stored at 

− 20 ◦C until used for immunohistochemistry.

2.9. Immunohistochemistry

Immunohistochemistry was carried out as previously described 
(Goulding et al., 2021). Sections were washed three times in 1.2% 
tris-buffered saline (TBS) solution for 5 min. Sections were quenched 
using 3% hydrogen peroxide/10% methanol in distilled water for 5 min 
to block endogenous peroxidase activity, before receiving 3 × 5min 
washes in TBS solution. Sections were incubated overnight shaking at 
4 ◦C in TH (Merck Millipore; MAB318 1:500) primary antibody diluted 
in 1% Tx-TBS serum. Following 3 × 5min washes in TBS, sections were 
incubated for 2h in secondary antibody for chromogen detection which 
consisted of biotinylated horse-anti-mouse IgG (1:200, Vector Labs) 
diluted in Tx-TBS containing 1% serum. Following 3 × 5min TBS 
washes, sections were incubated in streptavidin–biotin–horseradish 
peroxidase solution (Vector Labs) for 2h. Sections received 3 × 5min 
washes in TBS before developing with DAB (Vector Labs). Sections were 
dehydrated in ethanol, cleared in Xylene, cover-slipped using DPX 
mounting media (BDH Chemicals) and imaged using the Olympus BX53 
Upright Microscope.

Fluorescence microscopy was carried out as previously described 
(Mazzocchi et al., 2022). Sections were washed three times in Tx-TBS 
solution for 5 min before being incubated for 1 h at room temperature 
in a 10% goat serum solution to block non-specific binding. Subse-
quently, sections were incubated overnight shaking at 4 ◦C with primary 
antibodies diluted in 1% serum in TBS. The following primary anti-
bodies were used: TH (Merck Millipore; MAB318 1:1000), HDAC5 
(Abcam; ab1439 1:500), Acetylated Histone H3K9 (Sigma; SAB5700141 
1:500), BMP2 (Antibodies online; ABIN730903 1:100), and Smad1 
pSer463 (Antibodies online; ABIN1714962 1:200). Following three 
washes in Tx-TBS, sections were incubated for 2h in secondary antibody 
diluted in TBS containing 1% serum. For fluorescence staining, Alexa 
Fluor 488-, 594-or 633-conjugated secondary antibodies were used 
(1:500; Invitrogen). Sections were washed three times in Tx-TBS and 
nuclei were stained by incubation in DAPI (Sigma; 1:3000) solution for 
5 min in the dark, followed by three washes in TBS and cover-slipped 
using a fluorescent mounting media (Merck Millipore; HC08). Images 
were acquired using an Olympus BX53 Upright Microscope, and 
Olympus FV1000 Confocal Laser Scanning Microscope.

2.10. Immunohistochemistry image analysis

To quantify TH immunohistochemistry in the striatum, images were 
converted to 8-bit images using ImageJ, the segmented line tool was 
used to trace the outline of the striatum, and mean intensity values were 
measured to quantify TH-immunopositive staining on the ipsilateral and 
contralateral sides. To evaluate the numbers of TH-positive neurons in 
the SN, images were converted to 8-bit images and cell counts were 
carried out on both the ipsilateral and contralateral sides. Finally to 
analyse the number of IBA1-positive cells in either SN or striatum in 
both the ipsilateral and contralateral sides, we used an automated ma-
chine learning approach as previously described (Anwer et al., 2023). To 
quantify nuclear HDAC5 levels in TH-positive neurons in the SN, sec-
tions were co-stained for TH, HDAC5 and DAPI. The nuclear outline was 
traced using the DAPI image of TH-positive cells and used to measure the 
mean intensity value of the HDAC5 image. A similar approach was used 
to quantify pSmad1 and AcH3K9 in the nuclei of TH-positive neurons. 
For BMP2 quantification, the TH-positive neuronal cell body was 
selected and used to quantify BMP2 levels. All data are presented as 
percentages of the ipsilateral/contralateral side of the brain.

2.11. Statistical analysis

All statistical analysis was carried out using GraphPad Prism soft-
ware version 8.3 (©2020 GraphPad Software, CA USA). Statistical 
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differences between groups were analysed using Student’s t-test, one-, 
two-, or three-way ANOVA as appropriate, with post-hoc as indicated in 
the figure legends. All results were expressed as the mean ± standard 
error of the mean (SEM) and were considered significant at p < 0.05.

3. Results

3.1. TMP269 increases histone acetylation and decreases HDAC5 activity 
in SH-SY5Y cells

In this study, we evaluated the neurotrophic potential of the Class 
IIa-specific HDAC inhibitor, TMP269 (Fig. 1A), which inhibits each of 
Class IIa HDAC subtypes, HDAC 4, 5, 7 and 9, with IC50 of 126, 80, 36, 
and 9 nM, respectively (Lobera et al., 2013). We first evaluated the 
potential of TMP269 to increase the levels of histone acetylation, using 
immunocytochemical staining for nuclear histone acetylation, as a 
readout of successful HDAC inhibition. We found a significant increase 
in the nuclear levels of acetylated histone 3 (acH3-K9.K14) in SH-SY5Y 
cells after treatment with 0.1 μM TMP269 for 72h (Fig. 1B and C). We 
then used a HDAC5-specific enzymatic assay to confirm that TMP269 
significantly reduced HDAC5 activity (Fig. 1D). Collectively, these data 
show that treatment with TMP269 significantly increased histone acet-
ylation and reduced HDAC5 activity in SH-SY5Y cells.

3.2. TMP269 protects against 6-OHDA-induced reductions in neurite 
growth in SH-SY5Y cells and cultured dopaminergic neurons

We next sought to determine whether treatment with TMP269 could 
protect against 6-OHDA-induced reductions in neurite growth, as a 
single-cell readout of cellular injury. We used a concentration of 5 μM 6- 
OHDA, which induces neurite injury without adversely affecting cell 
viability, to ensure that differences in the former were not secondary to 
the latter. The concentration and time of 6-OHDA treatment was chosen 
based on the results of a previous study showing that 5 μM 6-OHDA 
treatment for 72h resulted in significant reductions in neurite growth 
without an adverse effect on cell viability in SH-SY5Y cells (Anantha 
et al., 2022). Firstly, SH-SY5Y cells were treated concurrently with or 
without 5 μM 6-OHDA and increasing concentrations (0, 0.01, 0.1, 1 μM) 
of TMP269 daily for 72h (Fig. 2A). One-way ANOVA revealed a signif-
icant effect of treatment (F(4, 25) = 10.92, P < 0.001). Post-hoc testing 
showed that 6-OHDA induced a significant decrease in neurite growth 
compared to the control group, which was prevented by concurrent 
TMP269 treatment at concentrations of 0.1 μM and 1 μM (Fig. 2B–G). 
There was no significant effect of treatment on cell viability (F(4, 10) =

1.042, P = 0.43) as measured using LDH assay (Fig. 2C).
We next employed a delayed treatment paradigm, wherein SH-SY5Y 

cells were treated with or without 5 μM 6-OHDA for an initial 24h 
period, before addition of the lowest effective TMP269 dose of 0.1 μM 
daily for a further 72h (Fig. 2D). One-way ANOVA showed a significant 
effect of treatment (F(2, 9) = 37.86, P < 0.0001). Post-hoc testing showed 
that 6-OHDA induced a significant decrease in neurite growth compared 
to the control group, which was prevented by delayed TMP269 treat-
ment (Fig. 2E–G). There was no significant effect of treatment on cell 
viability (F(2, 9) = 37.86, P < 0.0001) in the LDH assay (Fig. 2F).

We next differentiated SH-SY5Y cells using a 12-day differentiation 
protocol that has been shown to increase β-III tubulin and TH expression 
in these cells (Taylor-Whiteley et al., 2019). To do this, SH-SY5Y cells 
were cultured in the presence of 10 μM RA and 50 ng/ml BDNF for 12 
days, which resulted in a high level of TH expression in these cells 
(Fig. 3A). Cells were then treated concurrently with or without 5 μM 
6-OHDA and 0.1 μM TMP269 on days 13, 14 and 15, and neurite length 
and LDH were assessed on day 16. One-way ANOVA showed a signifi-
cant effect of treatment on neurite length (F(2, 6) = 23.23, P < 0.01). 
Post-hoc testing showed that 6-OHDA-induced a significant decrease in 
neurite growth compared to the control group, which was prevented by 
TMP269 treatment (Fig. 3B). There was no significant effect of treatment 
on cell viability (F(2, 9) = 37.86, P < 0.0001) in the LDH assay (Fig. 3C).

Although SH-SY5Y cells are a useful tool for drug screening and 
molecular analyses, they do not recapitulate all features of dopami-
nergic neurons. Therefore, we repeated the initial ‘concurrent TMP269’ 
experiment in primary cultures of dopaminergic neurons. Specifically, 
primary cultures of E14 rat VM were established and treated concur-
rently with or without 5 μM 6-OHDA and 0.1 μM TMP269 daily for 72h, 
then neurite length of tyrosine hydroxylase (TH)-positive dopaminergic 
neurons in these cultures was analysed. One-way ANOVA showed a 
significant effect of treatment (F(2, 6) = 23.23, P < 0.01). Post-hoc testing 
showed that 6-OHDA induced a significant decrease in neurite growth 
compared to the control group, which was prevented by TMP269 
treatment (Fig. 3D and E). Collectively, these data show that TMP269 
protects against 6-OHDA-induced neurite injury in vitro.

3.3. TMP269 increases BMP2 expression and promotes BMP-Smad- 
dependent transcription in SH-SY5Y cells

Our previous work has implicated Class-IIa HDACs as regulators of 
the BMP-Smad pathway (Mazzocchi et al., 2019), and the neurotrophic 
factor BMP2 (Goulding et al., 2019) has been has been identified by 
Chip-Seq analysis as a HDAC5 target gene (Taniguchi et al., 2017). This 

Fig. 1. TMP269 increases histone acetylation and decreases HDAC5 activity in SH-SY5Y cells. (A) Structure and IUPAC name of TMP269 (PubChem ID = 53344908; 
accessed on Jan 13, 2024 https://pubchem.ncbi.nlm.nih.gov/compound/tmp269). (B) Representative photomicrographs and (C) graph of acetylated histone 3 
(acH3-K9.K14) in SH-SY5Y cells cultured with or without 0.1 μM TMP269 for 72h. Scale bar = 50 μm. (D) Graph of HDAC5 enzyme activity in SH-SY5Y cells cultured 
with or without 0.1 μM TMP269. All data are presented as mean ± SEM from n = 3 independent experiments. **p < 0.01, ***p < 0.001; Student’s t-test.
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is of interest given the known neuroprotective effects of BMP ligands on 
dopaminergic neurons (Goulding et al., 2021; Vitic et al., 2021). These 
studies, combined with our finding here that TMP269 has an HDAC5 
inhibitory effect in SH-SY5Y cells (Fig. 1D), suggested that TMP269 
treatment may increase BMP2 expression. To investigate this, SH-SY5Y 
cells were treated for 24 h with 0.1 μM TMP269, and RT-qPCR was used 
to examine the expression of BMP2 and of multiple components of the 
BMP pathway, including the BMP receptors (BMPR2 and BMPR1B) and 
R-Smads transcription factors (SMAD1 and SMAD5) (Fig. 4A). TMP269 
treatment significantly increased the expression BMP2 (Fig. 4B), without 
affecting the expression of other components of the BMP-Smad pathway 
(Fig. 4C–F).

To determine if TMP269 had an effect on BMP-Smad dependent 
transcription, SH-SY5Y cells were transfected with a Smad-GFP reporter 
construct in which GFP expression is under the control of a BMP- 
responsive element (BRE-GFP) (Fig. 4G), and were cultured with or 
without 0.1 μM TMP269. Quantification of GFP fluorescence (as a read- 
out of BMP-Smad dependent transcription) revealed a significant in-
crease in the TMP269-treated group after 24 h, indicating a BMP-Smad- 
dependent transcriptional response (Fig. 4H). Collectively, these data 
suggest that the BMP-Smad pathway may be involved in the beneficial 
effects of TMP269 on 6-OHDA-induced neurite injury.

3.4. TMP269 increases BMP2 and pSmad1/5 expression and protects 
against 6-OHDA-induced decreases in neurite growth through the BMP- 
Smad pathway in SH-SY5Y cells

To confirm these findings and to examine their functional relevance, 
we next examined BMP2 and pSmad1 levels in SH-SY5Y cells treated 
concurrently with or without 5 μM 6-OHDA and or 0.1 μM TMP269 daily 
for 72h. We found a significant mains effect of TM269 (F(1, 8) = 26.65, P 

= 0.0009) but not of 6-OHDA (F(1, 8) = 0.467, P = 0.514) on BMP2 
expression in SH-SY5Y cells, with no significant 6-OHDA x TMP269 
interaction (F(1, 8) = 0.016, P = 0.903) (Fig. 5A and B). Post-hoc testing 
revealed a significant increase in BMP2 expression in both TMP269- 
treated groups relative to the controls (Fig. 5A and B). In terms of 
cellular localisation, BMP2 immunoreactivity was evident in the nuclei 
and cytoplasm, as has been previously reported for BMP2 (Cordner 
et al., 2017) and for other members of the BMP family (Osorio et al., 
2013). We also examined phospho(p)Smad1 expression since BMP2 is 
known to increase nuclear pSmad1/5 levels (Hegarty et al., 2014; 
Hegarty et al., 2013). We found a significant mains effect of TM269 (F(1, 

12) = 12.79, P = 0.0038), but not of 6-OHDA (F(1, 8) = 0.467, P = 0.514), 
on pSmad1/5 levels in SH-SY5Y cells, with no significant 6-OHDA x 
TMP269 interaction (F(1, 8) = 0.204, P = 0.659) (Fig. 5C and D). Post-hoc 
testing revealed a significant increase in nuclear pSmad1/5 immuno-
reactivity in both TMP269-treated groups relative to the controls 
(Fig. 5C and D).

To determine if the beneficial effect of TMP269 on 6-OHDA-induced 
decreases in neurite growth was mediated through the BMP-Smad 
pathway, we examined neurite growth in SH-SY5Y cells treated daily 
for 72 h with 0.1 μM TMP269, with or without 5 μM 6-OHDA, and with 
or without 1 μg/ml of the BMPR1 inhibitor dorsomorphin, which blocks 
BMP-Smad signalling (Yu et al., 2008). A two-way ANOVA revealed a 
significant Dorsomorphin × treatment interaction (F(2, 12) = 31.5, P <
0.001) (Fig. 5E and F). Post-hoc testing revealed that 6-OHDA caused a 
significant reduction in neurite growth, that was completely prevented 
by TMP-269 treatment (Fig. 5E and F). This beneficial effect of TMP-269 
on 6-OHDA-induced decreases in neurite growth was completely absent 
when cells were co-treated with dorsomorphin (Fig. 5E and F). Collec-
tively, these data show that TMP269 activates the BMP-Smad pathway, 
and that this is necessary for TMP269 to prevent the detrimental effects 

Fig. 2. TMP269 protects against 6-OHDA-induced reductions in neurite growth in SH-SY5Y cells. (A) Schema of the treatment regime used in B and C. (B) Neurite 
length and (C) LDH activity of SH-SY5Y cells treated concurrently with or without 5 μM 6-OHDA and increasing concentrations of TMP269 (0, 0.01, 0.1 and 1 μM) 
daily (‘concurrent TMP269’) for 72h. (D) Schema of the treatment regime used in E and F. (E) Neurite length and (F) LDH activity of SH-SY5Y cells treated with or 
without 5 μM 6-OHDA for an initial 24h period before addition of 0.1 μM TMP269 daily (‘delayed TMP269’) for a further 72h. (G) Representative photomicrographs 
of SH-SY5Y cells for the concurrent and delayed TMP269 experiments. Scale bar = 50 μm. All data are presented as the mean ± SEM from n = 3–6 independent 
experiments. *p < 0.05, ****p < 0.0001; One-way ANOVA with post-hoc Tukey test.
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of 6-OHDA on neurite growth.

3.5. Peripheral infusion of TMP269 partially improves 6-OHDA-induced 
motor dysfunction

We next performed an in vivo experiment to determine whether 
infusion of TMP269 could ameliorate 6-OHDA-induced impairments in 
motor function and nigrostriatal neurodegeneration. For detailed 
description of the experimental design see the Methods section. In brief, 
a mixed cohort of adult male and female rats (n = 8 total per group; 4 
male and 4 female) received unilateral intrastriatal stereotactic injection 
of 6-OHDA or saline, followed by subdermal implantation of a mini- 
osmotic pump delivering a daily concentration of 0.5 mg/kg TMP269 
or vehicle (Fig. 6A). Motor behaviour was assessed using the stepping 
(Olsson et al., 1995) and cylinder (Schallert et al., 2000) tests of 
sensorimotor function based on asymmetric forelimb use, at baseline 
(one day before surgery) and on days on days 4, 8 and 12 post-surgery 
(Fig. 6A). As expected, there was no significant effect of time (F(3, 84) 
= 0.527, P = 0.2083), 6-OHDA (F(1, 28) = 3.911, P = 0.057) or TMP269 
treatment (F(1, 28) = 3.097, P = 0.0893) on the number of steps taken 
with the ipsilateral paw in the stepping test (Fig. 6B). However, there 
was a significant effect 6-OHDA × TMP269 interaction (F(1, 28) = 10.53, 
P = 0.003), on the number of steps taken with the contralateral paw. 
Post-hoc testing revealed that rats of the 6-OHDA + TMP269 group took 
significantly more steps than those of the 6-OHDA + vehicle group with 
the contralateral paw at day 8 and day 12 post-surgery (Fig. 6C).

In the cylinder test, since there was a significant 6-OHDA x time 
interaction (F(3, 84) = 4.050, P = 0.0097), we performed post-hoc testing, 
and at 12 days post-surgery, there was a significant reduction in 
contralateral paw use in the 6-OHDA + vehicle group that was not seen 
in the 6-OHDA + TMP269 group relative to the controls (Fig. 6D). While 
there was no significant difference between the 6-OHDA + vehicle and 

the 6-OHDA + TMP269 groups, the latter had a tendency of more 
contralateral forelimb use at 12 days post-surgery (8.75 ± 4.88% v 
28.75 ± 9.32% respectively). Collectively these data show that periph-
eral administration of TMP269 partially improves motor function in 6- 
OHDA-lesioned rats.

3.6. Peripheral infusion of TMP269 prevents 6-OHDA-induced 
nigrostriatal degeneration

We next sought to examine if the improvements in motor function 
translated into improvements in nigrostriatal integrity by analysing the 
numbers of TH-positive neurons in the SN and TH-positive innervation 
of the striatum. There was a significant 6-OHDA × TMP269 interaction 
(F(1, 28) = 46.82, P < 0.0001) on the number of TH-positive neurons in 
the SN. Post-hoc testing revealed a significant decrease in the numbers of 
TH-positive cells in the SN in 6-OHDA + vehicle group which was not 
see in the 6-OHDA + TMP269 group (Fig. 7A and B). Similarly there was 
a significant 6-OHDA × TMP269 interaction (F(1, 28) = 46.82, P <
0.0001) on the TH-positive terminals in the striatum. Post-hoc testing 
revealed a significant decrease in TH-positive innervation in the stria-
tum in 6-OHDA + vehicle group which was not see in the 6-OHDA +
TMP269 group (Fig. 7C and D). Collectively these data show that pe-
ripheral administration of TMP269 protects against 6-OHDA-induced 
nigrostriatal degeneration.

3.7. Peripheral infusion of TMP269 prevents the 6-OHDA-induced 
microglial response

We next examined whether TMP269 mitigated the 6-OHDA-induced 
microglia response by counting the numbers of IBA1+ microglia in the 
SN and striatum as a proxy measure for neuroinflammation (Thakur 
et al., 2017). In the SN we found a significant effect of 6-OHDA (F(1, 28) 

Fig. 3. TMP269 protects against 6-OHDA-induced reductions in neurites of cultured dopaminergic neurons. (A) Representative photomicrographs of SH-SY5Y cells 
after a 12-day dopaminergic differentiation protocol, immunostained for βIII-tubulin (green), tyrosine hydroxylase-positive (TH; red) and counterstained with DAPI 
(blue). Scale bar = 100 μm. (B) Graphs of neurite length of TH-positive cells and (C) LDH activity in these differentiated SH-SY5Y cultures. (D) Graph and (E) 
representative photomicrographs of neurite length in primary cultures of E14 rat VM treated concurrently with or without 5 μM 6-OHDA and 0.1 μM TMP269 daily 
for 72h. Scale bar = 50 μm. All data are presented as the mean ± SEM from n = 3 independent experiments. **p < 0.01; One-way ANOVA with post-hoc Tukey test. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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= 22.03, P < 0.0001) and TMP269 (F(1, 28) = 19.44, P < 0.001) as well as 
6-OHDA x TMP269 interaction (F(1, 28) = 14.09, P < 0.001) on the 
number of IBA1+ cells in the SN. Planned post-hoc comparisons revealed 
a significant increase in the numbers of IBA1+ cells in the SN in the 
6-OHDA + vehicle group which was prevented by TMP269 (Fig. 8A and 
B).

Similarly, in the striatum there was a significant mains effect of 6- 
OHDA (F(1, 28) = 157.9, P < 0.0001) and TMP269 (F(1, 28) = 144.8, P 
< 0.001) as well as 6-OHDA x TMP269 interaction (F(1, 28) = 102.3, P <
0.001) on the number of IBA1+ cells in the striatum. Planned post-hoc 
comparisons revealed a significant increase in the numbers of IBA1+
cells in the striatum in the 6-OHDA + vehicle group, which was pre-
vented by TMP269 (Fig. 8C and D). Collectively, these data show that 
peripheral infusion of TMP269 prevents the 6-OHDA-induced microglial 
response in vivo.

3.8. TMP269 prevents 6-OHDA-induced decreases in BMP2 and 
pSmad1/5 in the SN in vivo

As we had demonstrated that TMP269 increases BMP2 and pSmad1/ 
5 expression in SH-SY5Y cells, we next examined whether changes in 
BMP2 and pSmad1/5 expression were observed in the SN in vivo. In the 
SN we found a significant effect of 6-OHDA (F(1, 20) = 15.01, P = 0.0009) 
and TMP269 (F(1, 20) = 13.16, P = 0.0117) as well as a 6-OHDA x 
TMP269 interaction (F(1, 20) = 7.41, P = 0.013) on BMP2 expression in 
TH-positive DA neurons in the SN (Fig. 9A). Planned post-hoc compari-
sons revealed a significant decrease in BMP2 expression in TH-positive 
DA neurons in the SN of the 6-OHDA + vehicle group, which was pre-
vented by TMP269 (Fig. 9A).

To confirm these findings, we also examined levels of pSmad1/5. We 

found a significant effect of 6-OHDA (F(1, 20) = 17.09, P = 0.0005) and 
TMP269 (F(1, 20) = 6.641, P = 0.018) as well as a 6-OHDA x TMP269 
interaction (F(1, 20) = 9.59, P = 0.0057) on the levels of pSmad1/5 in TH- 
positive DA neurons in the SN (Fig. 9B). As was observed with BMP2, 
planned post-hoc comparisons revealed a significant decrease in 
pSmad1/5 expression in the SN of the 6-OHDA + vehicle group, which 
was prevented by TMP269 (Fig. 9B). Collectively these data show that 6- 
OHDA induced decreases in BMP2 and pSmad1/5 levels in TH-positive 
DA neurons in the SN in vivo, and that this was prevented by peripheral 
delivery of TMP269.

3.9. TMP269 prevents 6-OHDA-induced alterations in nuclear HDAC5 
and acetylated histone 3 in the SN in vivo

Finally, we assessed the levels of nuclear HDAC5 and acetylated H3 
in TH-positive DA neurons in the SN in vivo. We found a significant effect 
of 6-OHDA (F(1, 20) = 17.09, P = 0.0005) and TMP269 (F(1, 20) = 6.641, 
P = 0.018) as well as a significant 6-OHDA x TMP269 interaction (F(1, 

20) = 14.76, P = 0.001) on nuclear HDAC5 expression in the SN 
(Fig. 9C). Planned post-hoc comparisons revealed a significant increase 
in nuclear HDAC5 in TH-positive neurons in the SN of the 6-OHDA +
vehicle group, which was prevented by TMP269 (Fig. 9C).

There was also a significant 6-OHDA x TMP269 interaction (F(1, 20) 
= 12.87, P = 0.0018) on acetylated H3 expression (Fig. 9D). Planned 
post-hoc comparisons revealed a significant decrease in acetylated H3 
levels in TH-positive neurons in the SN of the 6-OHDA + vehicle group, 
which was prevented by TMP269 treatment (Fig. 9D).

Fig. 4. TMP269 increases BMP2 expression and promotes BMP-Smad-dependent transcription in SH-SY5Y cells. (A) Schema showing the BMP-Smad pathway and 
illustrating that HDAC5 binds to the BMP2 promoter. (B–F) Graphs showing RT-qPCR data for (B) BMP2, (C) BMPR2, (D) BMPR1B, (E) SMAD1 and (F) SMAD5 
mRNA levels relative to the levels of the geometric mean of three reference mRNAs, GAPDH, TBP and B2M, in SH-SY5Y cells treated for 24 h with 0.1 μM TMP269. 
(G) Schema showing the BRE-GFP reporter and representative photomicrographs of BRE-GFP-transfected SH-SY5Y cells, with and without TMP269 treatment. Scale 
bar = 50 μm. (H) Graph showing densitometric quantification of GFP fluorescence intensity in SH-SY5Y cells, with and without TMP269 treatment. All data are 
presented as the mean ± SEM from n = 3 or 4 independent experiments. *p < 0.05, **p < 0.01; Student’s t-test.
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Fig. 5. TMP269 increases BMP2 and pSmad1/5 expression and protects against 6-OHDA-induced decreases in neurite growth through the BMP-Smad pathway in SH- 
SY5Y cells. Representative photomicrographs of SH-SY5Y cells treated with 5 μM 6-OHDA and cultured with or without 0.1 μM TMP269 for 72h before immuno-
staining for (A) BMP2 or (C) pSmad1/5. Densitometric quantification of (B) BMP2 expression and (D) pSmad1/5 in SH-SY5Y cells treated with 5 μM 6-OHDA and 
cultured with or without 0.1 μM TMP269 for 72h. (E) Representative photomicrographs and (F) neurite length analysis of SH-SY5Y cells treated with 5 μM 6-OHDA 
and cultured with or without 0.1 μM TMP269 and with or without 1 μg/ml dorsomorphin for 72h. Scale bar = 50 μm. All data are presented as the mean ± SEM from 
n = 3–4 independent experiments. *p < 0.05, **p < 0.01, ****p < 0.0001; Two-way ANOVA with post-hoc Tukey’s test.

Fig. 6. Peripheral administration of TMP269 partially improves motor function in 6-OHDA-lesioned rats. (A) Schema showing the experimental design in which a 
daily dose of 0.25 mg/kg TMP269 daily was delivered via a mini-osmotic pump starting the same day as intrastriatal 6-OHDA lesion. (B, C) Graphs showing the 
numbers of adjusting steps on the Stepping test made by the (B) ipsilateral (unaffected) paw and (C) the contralateral (affected) paw. (D) Graph showing the 
percentage of contralateral paw use in the cylinder test. All data are presented as the mean ± SEM of n = 8 per group. ***p < 0.001, **p < 0.01, *p < 0.05; Three- 
way ANOVA with post-hoc Fishers LSD test.
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4. Discussion

In this study we have shown that TMP269 protects against 6-OHDA- 
induced degeneration in vitro and in vivo. Furthermore, we have shown 
that TMP269 increases BMP2 and BMP-Smad signalling which is 
required for its beneficial effects. Firstly, we showed that treatment with 
0.1 μM TMP269 increased histone H3 Lysine 9 (AcH3.K9.K14) acety-
lation and reduced HDAC5 enzymatic activity. In support of this, 
TMP269 has been reported to be highly selective for class IIa HDAC 
inhibition (Lobera et al., 2013). Furthermore, Lobera et al. observed that 
TMP269 was well tolerated in vitro, with no impact on mitochondrial 
activity and viability of human CD4+ T cells when treated at concen-
trations as high as 10 μM (Lobera et al., 2013). Overall this suggests that 
TMP269 is a potent and highly selective class IIa HDAC inhibitor.

We analysed the effects of TMP269 on neurite growth in SH-SY5Y 
cells (Xicoy et al., 2017) as an in vitro analogue of in vivo pathological 
axonal degeneration (Hegarty et al., 2016). We found that 0.1 μM of 
TMP269 protected against 6-OHDA-induced neurite degeneration, and 
did not negatively affect cellular viability in concurrent and delayed 
treatment paradigms. This neuroprotective effect of TMP269 was 
further confirmed in differentiated SH-SY5Ys using a combination of 

retinoic acid and BDNF to induce a dopaminergic phenotype 
(Taylor-Whiteley et al., 2019), and in primary dopaminergic neurons 
derived from the E14 rat ventral mesencephalon (VM) cultures. In 
agreement with this, previous studies have shown that class IIa HDACs, 
including HDAC5, have the ability to shuttle between the cytoplasm and 
the nucleus, affecting their function (Alchini et al., 2017; Cho and 
Cavalli, 2012; Ha et al., 2008; Pita-Thomas et al., 2019). HDAC5 nuclear 
or cytoplasmic localisation has been shown to be altered in response to 
cellular damage or pathogen administration, suggesting a role of HDAC5 
the cellular response to injury (Pita-Thomas et al., 2019). We have 
previously reported that 6-OHDA induced increases in nuclear HDAC5, 
which reduces levels of AcH3.K9.K14 (Mazzocchi et al., 2021). Overall, 
this suggests that class-IIa HDACs may contribute to PD pathology and is 
consistent with the fact that TMP269 was neuroprotective.

In terms of mechanisms, HDAC5 has also been shown to regulate 
BMP2 expression by binding to the BMP2 promoter (Taniguchi et al., 
2017), which is a dopaminergic neurotrophic factor (Goulding et al., 
2019). In agreement with these data, we found that TMP269 upregu-
lated BMP2 and that this increase was maintained in the presence of 
6-OHDA. Furthermore, we also found increases in phosphorylated 
Smad1 (pSmad1), and BMP-Smad-dependent transcription, all of which 

Fig. Peripheral administration of TMP269 protects against 6-OHDA-induced nigrostriatal degeneration in a rat model of PD. (A) Quantification of TH- 
immunopositive cells in the ipsilateral substantia nigra (SN) expressed as percentage of the contralateral side. (B) Representative photomicrographs of TH- 
immunostained sections through the ipsilateral SN. (C) Quantification of TH immunoreactivity in the ipsilateral striatum expressed as percentage of the contra-
lateral side. (D) Representative photomicrographs of TH-immunostained sections through both striata; the lesioned side is indicated by an asterix (*). All data are 
presented as the mean ± SEM of n = 7–8 per group. ****p < 0.0001, *p < 0.05 vs. control or as indicated; Two-way ANOVA with post-hoc Bonferroni’s test. Scale bar 
= (B) 500 μm and (D) 1000 μm.
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suggests increased BMP-Smad pathway activation in TMP269 treated 
cells (O’Keeffe et al., 2017). In agreement with the in vitro data, we also 
found corresponding 6-OHDA-induced reductions in BMP2 and 
pSmad1/5 levels in TH-positive DA neurons in the SN in vivo, that were 
restored by TMP269 treatment.

Interestingly, BMP2 has been recently reported to play a key role in 
the development of midbrain dopaminergic neurons, particularly in the 
nigrostriatal dopaminergic pathway (Hegarty et al., 2013; Terauchi 
et al., 2023). A BMP2-BMPR-Smad1 axis has been shown to promote 
dopaminergic synaptogenesis during development in a pathway specific 
establishment of nigrostriatal projections (Terauchi et al., 2023). 
Furthermore, Smad1cKO mice have shown reduced motor activity, 
suggesting a role for Smad1 in the maintenance of DA synapses. The 
specificity and importance of this BMP2-BMPR-Smad1 axis in both the 
development and maintenance of the nigrostriatal DA pathway, and in 
DA synaptic activity, suggests its activation could play an important role 
in the protection or regeneration of DA neurons in the pathological 
context of PD. Indeed, activation of the BMP-Smad signalling pathway 
has previously been shown to have protective effects in both in vitro and 
in vivo PD models. Previous studies have shown that BMP2 is protective 
against 6-OHDA-induced degeneration in vitro (Goulding et al., 2019) 
and in vivo (Espejo et al., 1999). In addition, other members of the BMP 

family have been shown to protect against αSyn-induced neuronal 
degeneration in vivo (Goulding et al., 2021; Vitic et al., 2021). Overall, 
this suggests that activation of the BMP-Smad signalling pathway by 
TMP269 may underlie the beneficial effects of TMP269 against 
6-OHDA-induced degeneration. This is supported by the in vitro exper-
iments in which we used a selective inhibitor of the BMP-Smad pathway, 
dorsomorphin, which acts to inhibit the BMP-Smad pathway through 
the selective inhibition of the type 1 BMP receptors (Morizane et al., 
2011). Dorsomorphin prevented the neuroprotective effects of TMP269 
against 6-OHDA-induced degeneration in SH-SY5Y cells, suggesting that 
its effects are mediated through activation of the BMP-Smad signalling 
pathway.

Having established the protective effects of TMP269 in vitro, we also 
administered TMP269, or vehicle, peripherally over a period of 7 days 
via continuous subcutaneous infusion by mini osmotic pump to rats 
which had received either a sham or 6-OHDA striatal lesion. Peripheral 
administration was chosen due to the small molecule structure of 
TMP269. It has been established that small molecules which have mo-
lecular mass under 400 Da–500 Da undergo significant free diffusion 
across the blood-brain barrier (BBB) (Mikitsh and Chacko, 2014); the 
potential translational benefits of this, as peripheral administration is a 
much less invasive mode of delivery for a potential therapy. We 

Fig. 8. Peripheral administration of TMP269 prevents microglial activation in 6-OHDA-lesioned rats. (A) Quantification of the number of IBA1-immunopositive cells 
per field in the ipsilateral substantia nigra (SN) expressed as percentage of the contralateral side in all treatment groups. (B) Representative photomicrographs of 
IBA1-immunopositive cells through the ipsilateral SN. (C) Quantification of the number of IBA1-immunopositive cells per field in the ipsilateral striatum expressed as 
percentage of the contralateral side in all treatment groups. (D) Representative photomicrographs of IBA1-immunopositive cells through the ipsilateral striatum. All 
data are presented as the mean ± SEM of n = 8 per group. ****p < 0.0001, vs. control or as indicated. Two-way ANOVA with post-hoc Tukey’s test. Scale bar =
50 μm.
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observed improved motor function and significant protection of striatal 
dopaminergic innervation and of numbers of TH-positive neurons in the 
SN, indicating that TMP269 protected against 6-OHDA-induced 
nigrostriatal degeneration in vivo. The demonstration that 6-OHDA 
increased nuclear HDAC5 and reduced acetylated H3 levels in 
TH-positive neurons in the SN is indirect evidence of target engagement, 
and justifies a full pharmacokinetic study that is beyond the scope of the 
current investigation.

In the wider context, short chain fatty acids (SCFAs) are produced 
endogenously in the gut as bacterial-derived metabolites and act as pan- 
HDAC inhibitors (Mann et al., 2024). Furthermore, SCFA levels have 
been reported to be dysregulated in PD, leading to the investigation of 
SCFA dysregulation as a potential pathology-progressing mechanism, 
and of administration of SCFAs as potential disease-modifying therapies 
(Metzdorf and Tönges, 2021). Peripheral administration of the SCFA, 
sodium butyrate (NaB) ,has been shown to protect against 
MPTP-induced neuronal degeneration in C57BL/6J mice, to improve 
disruptions to the BBB, and to protect against apoptosis by upregulation 
of the anti-apoptotic factor BCL2 and downregulation of Bax (Hou et al., 
2021; Liu et al., 2017). Another SCFA, sodium valproate, which was 
developed and is routinely used as an anticonvulsant medication for the 
treatment of epilepsy, has been reported to protect against dopaminergic 
degeneration induced by the irreversible proteasome inhibitor lacta-
cystin, resulting in significant dose-dependent upregulation of the neu-
rotrophic factors BDNF and GDNF, as well as BCL2 (Harrison et al., 
2015). Other studies have also utilised more targeted HDAC inhibition 
of individual HDACs. One study used Tubastatin A to selectively inhibit 
the class IIb HDAC, HDAC6, resulting in significant protection against 
α-synuclein- induced neurodegeneration, by upregulation of 
chaperone-mediated autophagy and reduction of phosphorylation of 
α-synuclein at serine 129 (Francelle et al., 2020). Peripheral adminis-
tration of the class IIa HDAC inhibitor MC1568 was also shown to pro-
tect against 6-OHDA induced degeneration and to limit 
6-OHDA-induced increase in the numbers of IBA1-positive cells in the 
SN and striatum (Mazzocchi et al., 2022). In agreement with this, we 

also found that TMP269 prevented the 6-OHDA-induced increase in 
IBA1-positive microglia. Whether this effect of TMP269 is direct (has a 
direct action on microglia) or indirect (preventing neuronal injury, 
thereby preventing the microglial response) is an important line of 
future investigation. Taken together, these data indicate that pharma-
cological inhibition of HDACs, including class-IIa HDACs, have signifi-
cant neuroprotective and potentially anti-neuroinflammatory potential, 
to protect against degeneration in vivo in PD models.

Overall, our collective findings in this study have significant trans-
lational implications in terms of the potential of TMP269 and its ability 
to protect against 6-OHDA-induced dopaminergic neuronal degenera-
tion in models of PD. Additional work is required to further assess the 
neuroprotective potential of TMP269 in PD, namely assessing whether 
TMP269 treatment has beneficial effects in an α-synuclein in vivo model 
of PD. In conclusion, the data presented in the current study rationalise 
the continued investigation of pharmacological approaches to class-IIa 
HDAC inhibition towards the development of pharmacological neuro-
protective therapies for PD that can be administered peripherally.
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