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Abstract

Peptidylarginine deiminases (PADs) are a family of five isozymes (PAD1-4, PAD6) in humans, with
PAD2, 3 and 4 associated with the central nervous system. PAD mediated post-translational
citrullination/deimination of target proteins contributes to pathobiological processes, including in the
CNS, where the potential of PAD inhibitor treatment has been reported. This study aimed to identify
PAD-dependent pro-regenerative responses in neuronal and astrocytic cells respectively, using
human cellular in vitro models to assess the therapeutic effects of pan-PAD, PAD2- and PAD4-
isozyme specific inhibitors in an oxygen-glucose deprivation/reperfusion model of ischaemia
(OGDV/R) at different time windows (30 min, 1 h and 4 h) in conjunction with scratch injury and LPS
stimulation. Key findings suggest that pan-PAD inhibitor Cl-amidine promotes CNS regeneration
through enhancing wound healing of both neuronal and astrocytic cells, including with a significant
inhibition of PAD2 and PAD3 in the neuronal cells, while protective effects in the astrocytic cells
indicate involvement of PAD2 and PAD4. Histone H3 citrullination was significantly reduced in
response to Cl-amidine treatment in both cell types, indicating changes in epigenetic regulation and
immune-responses via NETosis in CNS injury. Cl-amidine treatment modulated key neuronal (beta-
3 tubulin) and astrocytic (GFAP) markers and significantly reduced inflammatory cytokine IL-6 levels
in astrocytes following 4 h OGD/R in conjunction with LPS. This study emphasizes the potential for
pharmacological PAD inhibitor treatment in CNS injury, including future PAD3 inhibitor
development to target neuronal injury.

Keywords: peptidylarginine deiminases (PADs); deimination/citrullination; central nervous system
(CNS); neuron; astrocyte; hypoxia; ischaemia; oxygen-glucose deprivation; Cl-amidine; regeneration

1. Introduction

Acute Central Nervous System (CNS) injuries include cerebral ischaemia (stroke) and traumatic
brain injury (TBI). These represent leading causes of global mortalities and debilitation, with TBI
affecting almost 69 million people and stroke affecting above 15 million people annually [1]. Other
debilitating forms of acute CNS injury include hypoxic-ischemic encephalopathy (HIE), which affects
1-3 per 1000 neonates [2], and spinal cord injury (SCI), which affects over 15 million people globally
[3].

There is increasing evidence for critical roles of Peptidylarginine Deiminases (PADs), within the
context of CNS pathologies, including acute CNS injuries, neurodegenerative disease and CNS
associated cancers [4-20]. PADs constitute a family of five, calcium dependent isozymes in humans,
PAD1, PAD2, PAD3, PAD4 and PAD6, which can convert arginine into citrulline in proteins, causing
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post-translational deimination/citrullination. Deimination renders the polar arginine residues of
target proteins into neutral citrulline, affecting conformation and function of target proteins,
generation of neoepitopes which contribute to inflammatory responses, effects on epigenetic
regulation via histone citrullination and extracellular trap formation [21-23].

Various models of acute CNS injuries can model implications on neuronal and astrocytic
responses [24-29]. Studies in HIE and TBI models have revealed that protein deimination affects
multiple brain regions [5,10], and similar observations have been reported in neurodegenerative
diseases [16,30]. Pharmacological PAD inhibition, particularly using the pan-PAD inhibitor Cl-
amidine, has shown promise in several in vivo animal models of acute CNS injury [4,5,31]. As
translation from preclinical in vivo rodent models remains a challenge [32], further dissection of
PAD-mediated mechanisms and the potential for pharmacological PAD inhibitors in human CNS
injury in vitro systems are of interest to further current understanding of the different PAD isozymes
in neuronal and astrocytic responses.

This study utilized human neuronal (Retinoic-Acid differentiated SH-SY5Y) and astrocytic
(SVG-P12) cells to assess PAD isozymes and protective effects of PAD inhibitors using an in vitro
model of oxygen-glucose deprivation model of ischaemia (OGD/R) in conjunction with scratch injury.
The scratch injury is generally considered a well-established in vitro form of mechanical trauma
[24,25,28,33] assessing cellular migration and gap closure as a function of wound healing capacity.
OGD/R can mimic cerebral ischaemia in vitro by combining glucose and serum-deprivation of the
cell cultures while simultaneously incubating them under hypoxic conditions (0.1 or 1% Oxygen)
[34], while application of Escherichia coli lipopolysaccharide (LPS) is a commonly used agent to mimic
neuroinflammation [35].

The current study aimed at assessing pro-regenerative effects of pharmacological PAD
inhibition in neuronal and astrocytic cells in vitro, with a focus on the pan-PAD inhibitor Cl-amidine
[4,5,36-38], in addition to PAD2 inhibitor AMF-30a [39] and PAD4 inhibitor GSK-199 [40], as studies
on these PAD isozyme specific inhibitors in CNS regeneration are lacking.

We hypothesise that PAD inhibitor treatment induces pro-regenerative and anti-inflammatory
responses, with differing effects on neuronal and astrocytic cells. Effects on gap closure speed were
assessed alongside changes in histone H3 citrullination, indicative of epigenetic regulation and a
marker for extracellular trap formation and associated with neuroinflammatory responses [4,5,41]. In
the neurons, changes in beta-3-tubulin (neuronal differentiation) and nestin (stemness marker) were
assessed, while in the astrocytic cells, changes in Glial Fibrillary Acidic Protein (GFAP) and S100B
were evaluated as these play roles in the astroglia response [42-45]. Changes in release of pro-
inflammatory cytokines Interleukin-1 (IL-1 ) and Interleukin-6 (IL-6) were also assessed in both
cell types as indicative of neuroinflammatory changes [46].

2. Results

2.1. PAD Isozyme Detection Differs in Neuronal and Astrocytic Cells

Figure 1 shows PAD isozyme detection on differentiated SH-SY5Y cells (Figure 1A) and SVG-
P12 cells (Figure 1B) using anti-PAD antibodies against all human- expressed PAD isozymes, with
the morphology of both cell-lines shown in Figure 1C,D.

The neuronal (differentiated SH-SY5Y) cells showed strong levels of PAD1, PAD2 and PAD3 -
detectable both in cytoplasm and nucleus, which aligns with their previously reported positive
expression within the human CNS [15]. In the neuronal cells, levels of PAD4 were negligible, while
PADG6 detection was interestingly positively co-localised to the nucleus as confirmed by co-
localisation with DAPI (nuclear blue, fluorescent stain) (Figure 1A).

In the SVG-P12 cells, PAD 1 showed similar expression to PADs 2 and 3 exhibiting moderate
cytoplasmic and nuclear detection. PAD4 showed the strongest levels, aligning with roles for
astrocytes in immunity, whilst PAD6 detection was negligible (Figure 1B).
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Figure 1. PAD isozyme detection in neurons and astrocytes in vitro. (A,B) Detection of PAD isozymes (PADs 1-
4 and PAD6) by ICC comparing (A) neuronal (differentiated SH-SY5Y) and (B) astrocytic (SVG-P12) cells, with
nuclear DAPI co-staining (blue) shown in parallel. Strong neuronal detection of PADs 1, 2 and 3 was observed,
while moderate astrocytic detection was observed, localized both to the cytoplasm and nuclei. PAD4 levels were
high in astrocytes, both in cytoplasm and nuclei, but negligible in the neurons. PAD6 showed strong detection
with nuclear localization in the neurons, while exhibiting negligible levels in the astrocytes. (C) Brightfield
images confirming the morphology of differentiated SH-SY5Y cells (neurons) and (D) SVG-P12 (astrocytes) cells.
The images were taken using EVOS and the 10x objective (scale bar =275 um).

2.2. Pharmacological PAD-Inhibition Affects Scratch-Injury Closure in Neuronal and Astrocytic Cells Under
Normoxic Conditions

Differentiated SH-SY5Y cells (seeded at 40,000 cells/well) which generated a uniform, confluent,
monocellular layer of differentiated cells (Supplementary Figure S1), were exposed to scratch injury
followed by application of either 100 uM pan-PAD inhibitor Cl-amidine, 10 uM of PAD2 isozyme
specific (AMF-30a) or 5 uM of PAD4 isozyme specific (GSK-199) inhibitors, to assess effects on pan-
PAD (including PAD3) inhibition and PAD2 or PAD4 isozyme specific inhibition, respectively.

In all scratch injury experiments, the gap measurement (volume) was assessed at 0 h, 24 h and
48 h post scratch, to assess the effects of PAD inhibitor application, versus control scratch.

Cl-amidine significantly promoted gap closure of the differentiated neurons at 48 h post-scratch
(Figure 2A, 2B; n=3). There was no significant change observed for gap closure in response to
application of the PAD2 (AMF30a) and PAD4 (GSK199) isozyme specific inhibitors in the neuronal
cells (Figure 2B). Assessment of scratch injury in the SVG P12 cells, showed that gap closure was
significantly increased by Cl-amidine at 48 h post scratch (Figure 2C,D). Significant effects of the
PAD2 and PAD4 isozyme specific inhibitors were not observed on gap closure of the astrocytic cells
(Figure 2D).
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Figure 2. Effects of PAD inhibitors on neuronal and astrocyte cells scratch injured under normoxic incubation
with serum and glucose-rich media (A) Representative images of wells showing scratch injury (highlighted with
the outline) of control untreated, versus Cl-amidine treated neuronal cells. Images captured by EVOS using the
4x objective. (B) Bar graph comparing gap closure in control versus Cl-amidine, AMF30a (PAD2 inhibitor) and
GSK199 (PAD4 inhibitor) treated neuronal cells, with significant gap closure at the 48 h time-point (t-test, n=3;
*p<0.05) for Cl-amidine. (C) Representative images of wells showing scratch injury (highlighted with the outline)
of control untreated, versus Cl-amidine treated astrocytes. Images captured by EVOS using the 4x objective. (D)
Bar graph comparing gap closure in control versus Cl-amidine, AMF30a and GSK199 treated astrocytes, with
significant gap-closure at 48 h post scratch for Cl-amidine (unpaired t-test, n=3; *p<0.05).

2.3. Effects of Pan-PAD-Inhibitor on Scratch-Injury of Neuronal Cells and Astrocytes Following OGD/R
and LPS Stimulation

Based on the pro-regenerative effects observed with Cl-amidine under normoxia, but negligible
effects of the PAD2 (AMF30a) and PAD4 (GSK199) isozyme specific inhibitors, as well as previous
studies showing neuroprotective effects for Cl-amidine in acute CNS injury animal models [4,5,31],
effects of Cl-amidine in the context of OGD/R and LPS stimulation were next assessed, using the in
vitro models of neurons and astrocytes respectively.

Differentiated SH-SY5Y cells were exposed to 30 min, 1 h or 4 h of hypoxic incubation with
serum-glucose deprivation in combination with scratch injury to recapitulate OGD/R acute CNS
injury (Figure 3).

The scratch injury was furthermore carried out in combination with either 0.1 pg/mL or 1 pg/mL
LPS to mimic infection. All the experiments were terminated at 48 h post injury, at which point the
gap closure analysis was conducted, based on optimisation of the assay, showing at this point
significant and measurable differences between control and treated cells under most of the conditions
(Figure 3).

Cl-amidine treated neurons showed significantly faster gap closure under all stress conditions
assessed, compared to control wells, at 1 h and 4 h time windows post 4 h OGD/R injury (Figure 3A

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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- representative images are shown). Pro-regenerative effects of Cl-amidine were observed both for
OGD/R alone and also in response to LPS treatment, with more marked effects seen in the cells
receiving the higher LPS dose (1 ug/mL) (Figure 3A.3). In the milder 30 min OGD/R model, CI-
amidine exhibited significant neuroprotection when combined with the lower 0.1 pug/mL LPS dose,
and a trend showing increased gap closure overall (Figure 3A.1). In the 1 h OGD/R model, Cl-amidine
promoted gap-closure of neuronal cells compared with the control non-treated cells (Figure 3A.2).
This was also observed in combination with LPS treatment, with significance reached for both LPS
doses at 48 h post scratch injury (Figure 3A.2). When using the 30 min OGD/R model, the
neuroprotective effects of Cl-amidine were observed as significant when combined with the lower
LPS dose (0.1 pg/mL) at 48 h post insult (3A.1).

SVG-P12 cells were exposed to the same conditions as the differentiated neuronal cells and
assessed for changes in gap closure following scratch injury as before (Figure 3B,B.1-B.3). Cl-amidine
treatment significantly promoted gap closure in the 4 h OGD/R model in combination with LPS
stimulation at both doses (Figure 3B,B.1.-B.3). Pro-regenerative effects of Cl-amidine on the astrocytic
cells were also observed in the shorter 30 min (Figure 3B.1 and 1 h (Figure 3B.2) OGD/R models,
although less pronounced effects were observed for the LPS stimulated wells for those time points
(Figure 3B.1-B.3).
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Figure 3. Effects of Cl-amidine on OGD/R scratch injury of neuronal and astrocyte cells exposed to 30 min, 1 h
or 4 h hypoxia and LPS stimulation. Scratch assay was carried out in conjunction with exposure to 4 h hypoxia
incubation with glucose-serum deprivation (OGD/R) with/without co-infection of either 0.1 or 1 pg/mL LPS and
with/without Cl-amidine treatment (100 pM). (A) Representative images of scratch injury (highlighted with the
outline) gap closure in neuronal (differentiated SH-SY5Y) cells showing Cl-amidine treated versus control wells,
for the different conditions (Hypoxia, LPS+Hypoxia) at 4 h post-scratch (images captured by EVOS using the 4x
objective). (A.1-A.3) Bar graphs represent scratch injury results for neuronal cells exposed to 30 min, 1 hor 4 h
hypoxic incubation with glucose-serum deprivation (OGD/R) with/without co-infection with 0.1 or 1 pg/mL LPS
and with/without Cl-amidine (100 uM). (n=3, Mean with SD; unpaired t-test, *p<0.05, **p<0.01, **p<0.001). (B)
Representative images of gap closure in astrocytes showing Cl-amidine treated versus control wells for the
different OGD/R conditions (Hypoxia, LPS+Hypoxia) at 4 h post-scratch (images captured by EVOS using the
4x objective). (B.1-B.3) Bar graphs representing scratch injury results for astrocytes exposed to 30 min, 1 h or 4
h hypoxic incubation with glucose-serum deprivation with/without co-infection with 0.1 or 1 ug/mL LPS and
with/without Cl-amidine (100 uM). (n=3, Mean with SD; unpaired t-test, *p<0.05, **p<0.01, ***p<0.001).

2.4. Pan-PAD Inhibitor Cl-Amidine Reduces Histone H3 Citrullination (CitH3) in Neuronal and Astrocyte
Cells in OGD/R

Protective effects of Cl-amidine to reduce histone H3 citrullination (CitH3) as part of promoting
neuronal and astrocytic regeneration were assessed by immunocytochemistry (ICC). Following 4 h
OGD/R, Cl-amidine significantly reduced CitH3 detection in the neuronal (differentiated SHSY5Y)
cells (Figure 4A), and the same was observed following 30 min OGD/R in the SVG-P12 astrocytes
(Figure 4C), both combined with the higher dose (1 pg/mL) of LPS. Figure 4B,D show the quantitative
comparative analysis of CitH3 positive detection by ICC, which was significantly reduced within
both cell-lines following Cl-amidine treatment under most of the conditions tested: ischaemia, scratch
with/without LPS (0.1 pg or 1 ug/mL), along with different intervals (30 min, 1 h or 4 h) of OGD/R
(Figure 4B,D). At the 48 h time-point post injury Cl-amidine treated cells showed significantly
reduced CitH3 levels by ICC: with representative images shown in Figure 4A,C. Following analysis
of all conditions using mean fluorescence intensity, the results showed that Cl-amidine significantly
reduced CitH3 levels under most of the conditions applied (Figure 4D).
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Figure 4. Pan-PAD inhibitor Cl-amidine reduces CitH3 in neuronal and astrocyte cells exposed to scratch injury,
hypoxia and LPS stimulation. (A) Representative images are shown for Cl-amidine (100 uM), treated neuronal
cells exhibiting significantly reduced CitH3 levels (Alexa Fluor red stain) compared to cells not receiving the
PAD inhibitor. The cells were exposed to 4 h hypoxic incubation, glucose and serum-deprivation and 1 pg/mL
LPS as part of the ischemic, co-infection and scratch injury insult (OGD/R) (Images captured using the 10x
objective, adjacent to the scratch injury, with inserted boxes showing higher magnification images at 20x;
captured using EVOS). (B) Bar charts showing comparative CitH3 levels in neuronal cells as measured by ICC
and mean fluorescence intensity (EVOS captured images with the 10x lens, RFP channel). The values were
compared between experimental groups using unpaired t-test (n=6, Mean with SD; **p<0.01, ***p<0.001). (C)
Effects of Cl-amidine treatment on CitH3 levels in astrocyte (SVG-P12) cells, scratch injured and exposed to
ischaemic insult using 30 min hypoxic incubation, glucose and serum- deprivation and 1 pg/mL LPS as part of
the ischaemic, co-infection and scratch injury insult (captured with the 10x objective on EVOS; inserted boxes
show higher magnification images at 20x). (D) Bar charts showing comparative CitH3 levels for SVG-P12
astrocytes (captured with the 10x lens, RFP channel), (n=6, Mean with SD; *p<0.05; **p<0.01; ***p<0.001;
*%p<0.0001; unpaired t-test comparing control versus respective Cl-am treatment).

2.5. Pan-PAD Inhibitior Modifies Neuronal (B-3-Tubulin), Stemness (Nestin) and Astrocytic (GFAP and
S100B) Markers in OGD/R

The results showed that under all conditions, the differentiated SH-SY5Y cells stained strongly
for beta-3 tubulin (Figure 5A), confirming their neuronal properties. The changes in staining
intensities of beta-3-tubulin were assessed and quantified under all OGD/R conditions at 30 min, 1 h
and 4 h; as well as in response to LPS stimulation and Cl-amidine treatment (Figure 5A.1-A.3). In the
shorter 30 min model, beta-3 tubulin levels were significantly increased in response to 0.1 pg/mL LPS
and reduced in response to Cl-amidine treatment (Figure 5A.1). In the 1 h OGD/R model, a trend was
observed for reduced beta-3 tubulin levels in the Cl-amidine treated OGD/R + LPS (0.1 pg/mL)
neuronal cells, compared with the LPS stimulation alone (Figure 5A.3). In the 4 h OGD/R model, beta-
3 tubulin was elevated in response to Cl-amidine treatment in the LPS treated (0.1 pg/mL) neuronal
cells (Figure 5A.3).

Nestin detection was assessed in the neuronal cells as an indicator of stem-ness and the pro-
regenerative response (Figure 5B). Nestin levels were significantly decreased in response to CI-
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amidine treatment in the 30 min OGD/R model, with a similar trend observed in combination with
the higher LPS dose (1 pg/mL), albeit not statistically significant (Figure 5B.1). In the 1 h OGD/R
model, Cl-amidine significantly decreased nestin detection in LPS treated (0.1 ug/mL) neuronal cells
(Figure 5B.2), while no significant effects were observed in the other conditions. No significant
changes were observed for nestin levels in the 4 h OGD/R experiment (Figure 5B.3).

In the SVG-P12 astrocyte cells, two canonical astrocytic markers, GFAP and S100B, were
assessed by ICC under all experimental conditions compared with controls (Figure 5C,D). GFAP
detection showed an overlay with the nuclear DAPI staining in the SVG-P12 cells under all conditions
(representative image in Figure 5C). Changes in GFAP levels were not statistically significant
between treatment groups in the 30 min OGD/R experiment, while there was an observed trend of
overall decrease in GFAP positive staining in the Cl-amidine treated groups (Figure 5C.1). Inthe 1 h
OGD/R experiment a statistically significant decrease of GFAP staining was observed for the Cl-
amidine treated group in combination with the higher LPS dose, compared with the LPS treatment
alone (Figure 5C.2). In the 4 h OGD/R experiment, a significant decrease of GFAP staining was
observed in the Cl-amidine treated group in combination with the lower dose of LPS, compared with
the LPS treatment alone (Figure 5C.3). When assessing S100B positive staining (Figure 5D), Cl-
amidine showed a trend (albeit non-significant) of reducing S100B positive signal in all conditions
assessed (Figure 5D.1-D.3), with significant effects observed in the 1 h OGD/R experiment (p<0.05),
also in conjunction with LPS stimulation at the lower dose (*p<0.05) (Figure 5D.2).
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Figure 5. Assessment of neuronal (Beta-3 tubulin) and stem (Nestin) markers in scratch injured neuronal cells,
and astrocytic markers (GFAP and S100B) in SVG-P12 cells in OGD/R, and effects of Pan-PAD inhibitor Cl-
Amidine. (A) Beta-3 tubulin positive staining is strongly detected in neuronal (differentiated SH-SY5Y) cells;
examples shown from scratch injured cells exposed to 30 min OGD/R with 0.1 ug/mL LPS stimulation. (A.1-A.3)
Bar charts showing the quantitative analysis (mean fluorescence intensity, MFI) of Beta-3 tubulin staining levels
in all conditions at 48 h post 30 min OGD/R (A.1), 1 h OGD/R (A.2) and 4 h OGD/R (A.3) (n=3, Mean with SD;
unpaired t-test, *p<0.05, **p<0.01); (B) Nestin detection in differentiated SH-SY5Y cells, indicative of some
progenitor-like cells in response to the injury; example shown at 1 h OGD/R + LPS 0.1 ug/mL. (B.1-B.3) Bar
charts showing the quantitative analysis (mean fluorescence intensity, MFI) of Nestin staining levels in all
conditions at 48 h post 30 min OGD/R (B.1), 1 h OGD/R (B.2) and 4 h OGD/R (B.3) (n=3, Mean with SD; unpaired
t-test, *p<0.05). (C) GFAP positive staining in SVG-P12 astrocytic cells 48 h post 4 h OGD/R with 0.1 pg/mL LPS
co-infection; some nuclear localization of GFAP (red) is detected. (C.1-C.3) Bar charts showing the quantitative
analysis (mean fluorescence intensity, MFI) of GFAP staining levels in all conditions at 48 h post 30 min OGD/R
(C.1), 1 h OGD/R (C.2) and 4 h OGD/R (C.3) (n=3, Mean with SD; unpaired t-test, *p<0.05). (D) S100B detection
is shown in SVG-P12 cells scratch injured and exposed to 1 h OGD/R 0.1 ug/mL LPS, at 48 h post injury. (D.1-
D.3). Bar charts showing the quantitative analysis (mean fluorescence intensity, MFI) of S100B staining levels in
all conditions at 48 h post 30 min OGD/R (D.1), 1 h OGD/R (D.2) and 4 h OGD/R (D.3) (n=3, Mean with SD;
unpaired t-test, *p<0.05). All representative images also include the merged images with DAPI and were

captured using EVOS using the 20x objective, scale bars = 125 pum.

2.6. Effects of Pan-PAD Inhibitor Cl-Amidine on Pro-Inflammatory Cytokines IL-18 and IL-6 in Neurons
and Astrocytes

Effects of Cl-amidine treatment (100 uM) on changes in IL-1p and IL-6 cytokine levels in the
neuronal (differentiated SH-SY5Y) and astrocyte (SVG-P12) cells were evaluated by ELISA test at 48
h post 30 min, 1 h and 4 h OGD/R, with and without LPS stimulation (0.1 or 1 pg/mL). Results showed
negligible changes in both cytokines in the neuronal cells under all conditions tested (results not
shown). In the SVG- P12 cells, no changes were observed for IL-1(3, while some differences were
observed in the 1 h and 4 h OGD/R groups for IL-6, as presented in Figure 6. After 1 h OGD/R
(measured 48 h post insult), LPS stimulation at both doses increased IL-6 levels significantly by
approximate 2.5-fold, compared with LPS in control wells, but Cl-amidine addition did not reduce
IL-6 levels significantly (Figure 6A). In the 4 h OGD/R model, a significant increase (~3.5 to 5 fold) of
IL-6 levels was also observed in combination with OGD/R compared with LPS in control wells and
this was significantly reduced (approximately 22%; *p<0.05) in response to Cl-amidine treatment in
the cells receiving the higher LPS dose (1 ug/mL) (Figure 6B). Cl-amidine treatment in the presence
of 0.1 pug/mL LPS reduced IL-6 levels by 14.8% but was not statistically significant (Figure 6B).
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Figure 6. IL-6 detection in SVG-P12 astrocytes using ELISA. (A) SVG-P12 cells were exposed to 1 h OGD/R and
IL-6 levels measured 48 h post insult. Control wells received LPS (0.1 ug/mL LPS or 1 pg/mL LPS) without
OGD/R; treated wells received OGD/R and LPS (0.1 pg/mL LPS or 1 pg/mL LPS) in the presence or absence of
Cl-Am (100 mM). (B) SVG-P12 cells were exposed to 4 h OGD/R in combination with LPS stimulation (0.1 pg/mL
LPS or 1 pg/mL LPS) alone or in combination with Cl-amidine (100 mM). Control wells were not exposed to
OGDJ/R and only treated with LPS. IL-6 levels were determined by ELISA 48 h post insult. Data are represented
as mean +/- SD (n=3; *p<0.05; **p<0.01; ****p<0.0001).

3. Discussion

This study assessed roles for PADs in acute CNS injury of OGD/R and neuroinflammation,
highlighting the use of in vitro modelling for PADs in human neuronal and astrocyte cell cultures,
respectively. The SH-SY5Y neuroblastoma immortalized cell-line was differentiated into neurons
using retinoic acid (RA) and has been utilised in various in vitro studies of TBI and ischaemia [47-
53]. The astrocyte SVG-P12 cell-line has been used for studying ischaemia [54] and as a control in
glioblastoma studies [55,56]. Differences in PAD isozyme levels were detected between the cell lines,
with higher detection of PAD3 in neurons, compared with PAD4 in astrocytes, while PAD1 and
PAD?2 levels were lower in astrocytes than neurons but detectable in both cell lines. This correlates
with neuroinflammatory roles for astrocytes in the CNS, including via extracellular trap formation,
and possible epigenetic effects on neurons, as indicated by strong CitH3 staining, which can be
related to previous findings in animal models, showing elevated CitH3 levels in acute CNS injury
[4,5,57]. An unexpected finding was the positive detection of PAD6 in the neuronal cells, as this
isozyme is mainly associated with developmental processes [58,59] but aligns with recent reports of
PADSG positive staining in human post-mortem brains samples [15].

The pan-PAD inhibitor Cl-amidine was more effective than the PAD2 and PAD4 isozyme
specific inhibitors to promote gap closure in both cell lines, with most marked effects in the 4 h
OGD/R insult model. The potential of pharmacologically targeting several PADs to reduce CNS
injury correlates with previous in vivo models of spinal cord injury, HIE and TBI showing
neuroprotective and pro-regenerative effects for Cl-amidine [4,5,31,60].

In addition to OGD/R, LPS was used to mimic inflammatory responses, and both LPS doses
tested (0.1 and 1 pg/mL) correlated with increased levels of CitH3 staining. In macrophages, LPS has
been shown to activate PADs and induce CitH3 production in vitro [61]. NETosis is a key player in
neuroinflammatory responses [41,62-64] and NETosis inhibition has been shown to improve the
overall clinical outcomes post-injury and ischemia [31,65]. Here, Cl-amidine treatment significantly
decreased CitH3 levels in both neuronal and astrocytic cells, under all conditions assessed. This
correlates to previously reported findings in several in vivo studies assessing CitH3 and NETosis
including spinal cord injury, HIE and TBI [4,5,57,66,67].

Some changes in neuronal differentiation (betra-3 tubulin) and stemness (nestin) markers, as
well as in astroglial (GFAP and S100B) markers were observed in response to OGD/R and following
Cl-amidine treatment.

Beta-3 tubulin constitutes the dynamic end of the cytoskeletal microtubules [68] and was used
as a marker of neuronal differentiation for the SH-SY5Y cells. Cl-amidine treatment enhanced
neuronal migration following scratch injury, as represented by increased speed of gap closure, in the
1 h and 4 h OGD/R model, with and without LPS. Cl-amidine treatment increased overall beta-3
tubulin levels which aligns with possible roles in promoting neuronal migration [69,70]. Cytoskeletal
remodelling via cytoskeletal protein citrullination may be modified, including beta-3 tubulin, which
has been previously reported to change in response to PAD inhibitor treatment [68,71]. Our observed
effects of Cl-amidine affecting beta-3 tubulin levels may be of considerable importance for CNS
protection as the contribution of beta-3 tubulin to neurogenesis and axonal regrowth has been
reported in various in vivo neuronal injury and knockout models [72-74]. PAD2-induced
citrullination of beta-3 tubulin has for example been shown to be crucial for regulating cytoskeletal
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dynamics in murine gonadotropic cells [71]. Further investigations into beta-3 tubulin citrullination
must be carried out in future studies.

Nestin, a class VI intermediate filament protein, was used as a marker for neural stem-ness [75-
78], to assess possible robust neuro-protective properties following ODG/R and in response to Cl-
amidine treatment. Nestin is generally inversely proportional to the level of neuronal differentiation
markers [79] and this was observed in the 30 min and 1 h ODG/R models, both with and without LPS,
where an increase of beta-3 tubulin coincided with a decrease in nestin levels. The only exception,
where both showed increased levels, was in the 4 h OGD/R model in combination with the lower LPS
dose (0.1 ug/mL). This aligns with published studies reporting elevated nestin levels in areas of
prolonged hypoxic- ischemic insult and injury [80,81]. Our findings indicate that Cl-amidine may
exert some neuroprotective effects through elevating nestin in the 4 h OGD/R model. While nestin is
known to decline progressively postnatally as the nestin-expressing neural stem cells differentiate,
nestin is present in the hippocampal dentate gyrus (DG) and the lateral subventricular zone (SVG),
which are brain areas where reactive neurogenesis originates to compensate for neuronal and glial
damage post injury and/or insult [82]. Interestingly, nestin is suggested to be a citrullination target
similar to other intermediate filaments [83], which may be of interest for future in depth studies.

In the glial cells GFAP levels were significantly decreased in LPS stimulated cells treated with
Cl-amidine in the 1 h OGD/R and 4 h OGD/R models. GFAP is a modulator of astrocytic structure
and function and upregulated in astrogliosis [84]. S100B levels showed cytoplasmic localisation and
a trend for reduced levels in response to Cl-amidine treatment, but only significant in the 1 h OGD/R
model in the absence of LPS. S100B is a main contributor to neuronal survival and differentiation
along with further numerous cellular activities, most importantly brain tissue repair upon
extracellular secretion by the astrocytes [45]. Post brain injury, both GFAP and S100B are considered
of clinical relevance, specifically in TBI [45,84,85] where the serum level of both proteins can be
directly correlated to the extent of existing brain damage post injury [85]. Moreover, the GFAP is
abundant in the blood or any other biological fluid in TBI, SCI or ischaemia indicating neuronal
injury, neuroinflammation or neuronal cell death [44,86,87]. While astrogliosis is considered
beneficial for initial wound healing, and thus considered neuroprotective, prolonged astrogliosis can
impede neuronal regeneration. The results of our study may suggest that Cl-amidine could promote
astrocytic gap closure both while decreasing NETosis, as indicative of the reduced CitH3 levels
observed, alongside some decrease in GFAP and S100B levels. Interestingly, it was reported that CI-
amidine reduces global citrullination, including GFAP citrullination, in a murine model of retinal
gliosis, regulating astrogliosis [88-90]. An interesting observation in the OGD/R model here was that
GFAP detection showed similar to reported perinuclear aggregates formed by a de novo variant of
GFAP-alpha isoform that has been recently reported and linked to juvenile-onset of Alexander
disease, a primary astrocytopathy [91]. In the context of ischaemia and LPS stimulation, both promote
oxidative stress and enzymatic post-translational modification of cytoskeletal proteins. It can thus be
suggested that the detected nuclear signal reflects structurally altered GFAP species with increased
solubility and altered intracellular distribution [92-97]. This observed phenomenon may possibly be
attributed to cytoskeletal remodelling leading to changes in subcellular localisation under stress
conditions and warrants further investigation.

Assessment of the pro-inflammatory cytokines IL-1(3 and IL-6 by ELISA showed no changes in
the neuronal cells, while in the astrocytes a significant increase was observed for IL-6 levels in the 4
h OGD/R model. Furthermore, Cl-amidine treatment significantly decreased elevated IL-6 levels in
the presence of LPS (1 pg/mL) stimulation. Several studies using in vivo murine models have
reported that IL-6 contributes to the selective activation of astrocytes that underlies their response to
CNS injury [90,98-103]. Both in vivo and in vitro studies reported that PAD2 exhibits progressive
overexpression in astrocytes undergoing astrogliosis [104-106] and Cl-amidine was shown to reduce
IL-6 expression [107]. AS the SVG-P12 cells showed higher levels of PAD4 than PAD2, which
coincided with significantly elevated IL-6 levels, a role for PAD4 in addition to PAD2 in IL-6 secretion
may be suggested in these cells.
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Overall, CNS protective effects of Cl-amidine observed in our study highlight its roles as a potent
pan-PAD inhibitor, with the ability to target different and several PAD isozymes depending on their
dominance in the cell types, respectively.

4. Materials and Methods

4.1. Cell Culture and Neuronal Cell Differentiation

SH-5Y5Y neuroblastoma cells (ATCC, CRL-2266) were initially cultured in T-75 flasks using
complete growth medium comprised of 1:1 DMEM/HAM-F12 medium containing GlutaMax, 10%
Fetal Bovine Serum (FBS), 1% penicillin-streptomycin and 1% of non-essential amino acids (NEAA)
(Gibco, Fisher Scientific, UK.) in 95% air and 5% COz. The medium was changed every 48 h until the
cells reached 80% confluence. Thereafter, SH-5Y5Y cells were trypsinised before proceeding to the
neuronal differentiation protocol, using 10 uM Retinoic acid (RA) which was supplemented to the
complete growth medium to generate a neuronal differentiation medium [108]. The SH-5Y5Y cells
were seeded at 25, 30, 40 and 60 x 10° cells/well in 24 well plates, to identify optimal seeding density,
in the presence of the differentiation medium which was regularly changed every 48 h for a six day
period to achieve complete neuronal differentiation; which was confirmed with beta-3 tubulin
staining (Supplementary Figure 51). Optimal seeding density was determined as 40 x 10° cells/well,
and used thereafter. Gentle manual swirling of the plates was carried out to achieve even distribution
of the cells across the wells before incubation, to avoid cellular adherence and clustering at the
peripheral sides of the walls.

SVG P12 astrocytic cells (ATCC, CRL-8621) were cultured in T-75 flasks using complete growth
medium comprised of 1:1 DMEM/HAM-F12 medium containing GlutaMax, 10% FBS, 1% penicillin-
streptomycin and 1% NEAA (Gibco Fisher, UK) in 95% air and 5% CO2. The medium was changed
every 24 to 48 h until cells reached 80% confluence. Cells were then trypsinised and seeded at a cell
density of 5 x 105 cells/well in 24-well plates, according to published optimization for scratch injury
experiments [56]. Both cell lines were used at passages 6 to 8.

4.2. Scratch (Wound Healing) Assay

Scratch assay was performed on the differentiated SH-SY5Y cells and the SVG-P12 cells,
respectively, using a 200 pL pipette tip to scrape the confluent monolayer of cells longitudinally
across the middle of the wells. The culture medium was changed right after the scratch, whereafter
either complete medium (control wells, omitting PAD inhibitor) was added or complete medium
containing 100 uM pan-PAD inhibitor Cl-amidine (Cayman, No. 10599), 10 uM PAD2 inhibitor
AMF30a (CAY10723, Cayman Chemical) or 5 uM PAD4-inhibitor GS5K199 (MedChemExpress,
1549811-53-1) for differentiated SH-SY5Y (neurons), where RA was removed before application, and
SVG-P12 (astrocytes) cells, depending on the experiment conducted, as further described below.

The cell-migration of both cell lines following scratch injury was determined as percentage of
gap closure at 24 h and 48 h (endpoint of the experiments), calculated using the following formula:
(A0-At)/A0 x 100; where AO is the scratched area at time zero and at is the scratched area at 24 h or
48 h, respectively.

4.3. OGD/R in Conjunction with Scratch Injury

To mimic effects of acute CNS injury under ischaemic insult, with/without infection, the
following assays were carried out in 24 well plates on both cell lines, proceeding with pan-PAD
inhibitor Cl-amidine as this provided the most pro-regenerative effects of the scratch injury in both
cell lines under normal conditions: The scratched differentiated SH-SY5Y and SVG-P12 cells were
exposed to 30 min, 1 h or 4 h OGD alone or in combination with either 0.1 ug/mL or 1 pug/mL of LPS
(from E. coli O111:B4; mimicking infection) followed by reperfusion for 48 h. The cells were
simultaneously exposed to oxygen and FBS deprivation, using serum-and-glucose free medium,
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while for hypoxia, the cells were incubated in a hypoxia chamber (Innova CO-48 incubator, New
Brunswick Scientific Co. Inc) adjusted at 95% Nz, 5% CO, 0.1% O2 and 37 °C. Pan-PAD inhibitor Cl-
amidine was used at 100 pM concentration (according to [109]) throughout the reperfusion window,
using normoxic incubation conditions at 95% Oz, 5% CO, and incubated at 37 °C with glucose and
serum-enriched media comprising 10% FBS and 17.5 mM of D-Glucose. for assessment of therapeutic
outcomes of pan-PAD inhibition following the different time-windows of applied insult, which may
inform clinical relevance of PAD inhibitor application post insult. Following reperfusion for 48 h,
cells were fixed for Immunocytochemical staining.

4.4. Immunocytochemistry on Differentiated SH-SY5Y and SVG-P12 Cells

Both cell lines were seeded on 24-well plates at a cell density of 40,000 cells/well for differentiated
SH-SY5Y cells and at 50,000 cells/well for SVG P12 cells, for immunocytochemical staining of the PAD
isozymes (PADs 1-4 and PAD6). Once cells reached 70-80% confluence, the media was removed, and
wells were rinsed with PBS-T, 1 mL/well. Scratch injury experiments were furthermore stained for
CitH3, beta-3 tubulin, nestin, GFAP and 5100B as appropriate.

The cells were fixed with 4% paraformaldehyde in PBS (pH 7.4) for 10 min at room temperature.
The cells were thereafter washed 3 x 5 min with ice-cold PBS. Cell permeabilisation was performed
for 10 min with PBS containing 0.1% Triton X-100, before washing the cells again three times 5 min
with PBS.

Blocking was performed with 1% BSA and 22.52 mg/mL glycine in PBS-T (PBS + 0.1% Tween 20)
for 30 min at room temperature, followed by washing with 3 x 5 min in PBS-T. Incubation with
primary antibodies was carried out overnight at 4 °C with the following antibody dilutions in PBS-T
containing 1% BSA: anti-human PAD1, PAD2, PAD3 and PAD4 (ab181762, ab50257, ab50246,
ab50247, Abcam, UK; diluted 1/200), anti-human PAD6 (PA5-72059, Thermo Fisher Scientific; diluted
1/100), CitH3 (ab5103, Abcam; diluted 1/200), Beta-3 tubulin (ab52623, Abcam, diluted 1/500), Nestin
(ab18102, Abcam, diluted 1/500), GFAP (ab68428, Abcam, diluted 1/500) and S100B (MA5-42438,
Invitrogen-Thermo Fisher Scientific, diluted 1/500) in 1% BSA in PBS-T overnight at 4 °C to make a
100 uL solution in total per well. The negative control wells omitted the primary antibody and were
incubated with 1% BSA in PBS-T.

Following primary antibody incubation, the wells were washed 3 x 5 min in PBS, before
application of the secondary goat IgG anti-rabbit antibody (Alexa Fluor 488 Abcam ab150077/green
or 594 Abcam ab150080/red), except for Nestin, where goat anti-mouse IgG secondary antibody was
used (Alexa Fluor 647 Abcam ab150115/red), diluted at 1/500 in 1% BSA in PBS-T for 1 h at RT in the
dark, followed by counterstaining with DAPI nuclear stain (Sigma Aldrich, D9542) (1 ug/mL), for 1
min. Imaging was carried out using the EVOS FL Auto Imaging Systems with the respective
fluorescent channels for green, red, and DAPI. Corresponding bright field images were captured.

4.5. Assessment of PAD Inhibition on Inflammatory Cytokines IL-1 and IL-6 by ELISA

The differentiated SH-SY5Y neuronal cells and SVG-P12 astrocyte cells were exposed to the
different experimental conditions and PAD inhibitor treatment with Cl-amidine, at different time
points, as described in the sections above. Commercially available ELISA kits (DY201 and DY206,
R&D Systems, Bio-Techne, Abingdon, UK), were used to assess potential changes in pro-
inflammatory cytokines IL-1 (3 and IL-6 in the cell-free supernatants of the cell cultures under the
different conditions following manufacturer’s instructions and according to previously described
methods [110,111]. The commercial ELISA kits show negligible (<1%) cross-reactivity with other
cytokines and chemokines according to the manufacturer (R&D systems).
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4.6. Statistical Analysis

All experiments were carried out at n=3 or n=6 and data are represented as mean with the error
bar showing standard deviation (SD). Student’s unpaired t-tests and Bonferroni correction tests were
used as appropriate, with significant differences reported as *p<0.05, **p<0.01 and ***p<0.001.

5. Conclusions

In summary, this study highlights important roles for PADs in CNS injury and regeneration,
with differential roles of PAD isozymes between neuronal and astrocyte cells. Histone H3
citrullination, indicative of NETosis and epigenetic regulation, was significantly reduced by pan-PAD
inhibitor Cl-amidine in both cell types, which correlated with increased healing capacities in our in
vitro acute CNS injury model of OGD/R. Findings furthermore highlight roles for PAD3 in neuronal
cells, while roles for PAD4 may be more dominant in astrocytes. The findings support other studies
on crucial roles for PADs in CNS injury and open the platform for further in-depth assessments of
PAD isozyme specific roles and targeted PAD inhibitors in human in vitro models of neuronal injury
and repair, including further drug development aimed at PAD3 modulation in CNS injuries.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Differentiated SH-SY5Y cells. A. Brightfield shows the differentiated
SH-SY5Y cells (following 6 day differentiation with retinoic acid) captured using the 10x and 20x objective; clear
neuronal morphology is observed. B. Immunocytochemical staining of the differentiated SH-SY5Y cells showing
the nuclear DAPI staining, the positive pIII-tubulin staining as a marker of mature neurons and the merged
DAPI/GFP channels. All figures were visualized using the EVOS_FL2 system.
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