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ABSTRACT

Astrocyte polarization into a complement component 3 positive (C3*) neurotoxic A1 phenotype is a hall-
mark of the inflammatory cascade following spinal cord injury (SCI), where it plays a pivotal role in exac-
erbating neuronal senescence, inhibiting axonal regeneration, and limiting functional recovery. Although
cyclic adenosine monophosphate (cAMP) signaling has been implicated in modulating astrocyte activa-
tion, the precise molecular pathways regulating C3* astrocyte differentiation and their downstream
effects on neuroinflammation remain insufficiently understood. In this study, we identified cAMP
response element binding protein (CREB) as a critical regulator of astrocyte polarization. Activation of
CREB using dibutyryl-cAMP (db-cAMP), a cell-permeable cAMP analog, led to a 43% reduction in the num-
ber of C3* astrocytes and a 15% decrease in C3 protein expression within 24 h in vitro. Functionally, the
suppression of neurotoxic astrocytes alleviated neuronal senescence and reshaped the immune microen-
vironment by reducing classically activated macrophage (M1 macrophage) polarization, enhancing alter-
natively activated macrophage (M2 macrophage) responses, and promoting efferocytosis. Our
transcriptomic profiling and pathway enrichment analyses further revealed that the CREB/phosphoinosi-
tide 3-kinase (PI3K)/protein kinase B (AKT) signaling axis mediates the anti-inflammatory and neuropro-
tective reprogramming of astrocytes. We further engineered an adhesive microneedle patch (db-
cAMP@MP) capable of sustained, targeted delivery of db-cAMP into the injured spinal cord lesion site
to achieve localized therapeutic modulation of astrocyte phenotypes in vivo. The application of db-
cAMP@MP following SCI effectively activated CREB signaling in spinal astrocytes, resulting in reduced
(3" astrocyte accumulation, decreased neuronal senescence marker expression, and a 1.4-fold increase
in motor evoked potential (MEP) amplitude and motor functional recovery, with a Basso Mouse Scale
(BMS) score of 3.8 + 0.83 in the SCI model. Our findings establish CREB as a central molecular switch
in astrocyte-driven neuroinflammation and identify db-cAMP@MP as a promising, precision-targeted
therapeutic platform to modulate astrocyte phenotypes and promote functional repair after SCL.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

ostasis. They participate in a range of essential physiological
processes, including metabolic support to neurons, regulation of

Astrocytes are the most abundant glial cells in the central ner- neurotransmitter uptake and recycling, maintenance of synaptic
vous system (CNS) and serve as critical regulators of neural home- integrity, ion and water homeostasis, and modulation of cerebral
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blood flow [1,2]. Following spinal cord injury (SCI), astrocytes
undergo reactive transformation and acquire context-dependent
phenotypes that exert both beneficial and detrimental effects on
neural repair [3]. Activated astrocytes can be polarized into at least
two distinct subtypes, neurotoxic Al astrocytes, characterized by
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high expression of complement component 3 (C3), and neuropro-
tective A2 astrocytes, which are typically C3-negative and associ-
ated with anti-inflammatory and pro-regenerative functions [4-
6]. A1 astrocytes exacerbate neuronal injury by secreting neuro-
toxic factors and engaging complement component 3a (C3a) with
its receptor (C3aR) on neurons and microglia, thus intensifying
neuroinflammatory responses. Conversely, A2 astrocytes have
been shown to support neuronal survival and promote tissue
repair. Given this functional dichotomy, targeting astrocyte polar-
ization, particularly the suppression of C3* A1 astrocyte formation,
has emerged as a promising therapeutic strategy for promoting
recovery after SCI. Previous studies have identified the cyclic ade-
nosine monophosphate (cCAMP) response element-binding protein
(CREB) as a key transcription factor involved in numerous CNS
functions, including neuronal survival, axonal regeneration, and
synaptic plasticity [7-9]. In astrocytes, CREB activation has been
shown to attenuate neuroinflammation and promote a neuropro-
tective phenotype. However, many prior studies have utilized
exogenous overexpression systems, such as VP-16 CREB, which
may not accurately reflect the physiological dynamics of endoge-
nous CREB activation [10]. The downstream signaling associated
with endogenous CREB activation in astrocytes, particularly in
the regulation of C3* astrocyte polarization and astrocyte-neuron
interactions following SCI, remains poorly characterized.

In this study, we demonstrate that pharmacological activation
of endogenous CREB using dibutyryl-AMP (db-cAMP), a
membrane-permeable cAMP analog, robustly suppresses C3
expression in lipopolysaccharide (LPS)-stimulated astrocytes.
Coculture assays further revealed that db-cAMP-treated astrocytes
alleviate neuronal senescence and modulate macrophage function,
as evidenced by reduced pro-inflammatory classically activated
macrophage (M1 macrophage) polarization, enhanced alterna-
tively activated macrophage (M2 macrophage) polarization, and
increased efferocytic clearance of apoptotic neurons. Mechanisti-
cally, transcriptomic analysis revealed the phosphoinositide 3-
kinase (PI3K)/protein kinase B (AKT) signaling axis as a critical
downstream effector of CREB, with pharmacological blockade of
PI3K (using LY294002) abolishing the inhibitory effect of db-
cAMP on (3" astrocyte polarization. Recent advances in
biomaterial-based strategies have demonstrated considerable
potential for overcoming multiple hurdles in SCI repair. For
instance, conductive hydrogels have been engineered to recon-
struct the electrochemical microenvironment and modulate
immune responses [11], whereas multifunctional neural conduits
enabling spatiotemporal delivery of combinatorial factors have
been shown to be effective in addressing the cascading pathophys-
iology post-SCI [12]. These approaches underscore the promise of
achieving localized and controlled therapy through material engi-
neering. To overcome the limitations of conventional drug delivery
approaches, including poor blood-spinal cord barrier (BSCB) pene-
tration, off-target toxicity, and short drug half-life, we developed a
biocompatible, biodegradable microneedle patch (db-cAMP@MP)
for localized delivery of db-cAMP. The microneedle patch (MP)
adheres to the dura mater and enables minimally invasive, spa-
tially targeted, and sustained release of therapeutic agents directly
to the lesion site. Compared with systemic or intrathecal injection,
this platform offers distinct advantages: (D BSCB bypass with local-
ized drug penetration, @ reduced systemic exposure and toxicity,
@ improved pharmacokinetics with controlled release, @ reduced
need for repeated administration, and & high translational poten-
tial because of its noninvasive and clinically applicable design. The
application of db-cAMP@MP immediately after SCI in a mouse
model led to a significant reduction in the number of C3* astro-
cytes within the lesion site, mitigated neuronal senescence, and
improved motor functional recovery, as evidenced by increased
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Basso Mouse Scale (BMS) scores and motor evoked potential
(MEP) recordings.

In summary, our findings identify CREB as a pivotal regulator of
(3" astrocyte polarization and establish the CREB/PI3K/AKT signal-
ing pathway as a central axis orchestrating communication among
astrocytes, neurons, and macrophages. Activation of this pathway
not only mitigates astrocyte-derived neurotoxicity by suppressing
C3 expression but also attenuates neuronal senescence and repro-
grams macrophage responses by promoting M2 polarization and
enhancing efferocytic capacity. Furthermore, we introduce a novel
MP-based delivery platform that enables localized and sustained
release of db-cAMP, offering a minimally invasive and translation-
ally relevant strategy to therapeutically modulate astrocyte polar-
ization and promote functional recovery after SCL

2. Materials and methods
2.1. Cell culture

Primary astrocytes were isolated from postnatal (P1-P2)
C57BL/6] mice. The cortical tissues were dissected and enzymati-
cally dissociated. The dissociated cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). Neurotoxic astrocytes were induced with
100 ng-mL™! LPS (L8880; Solarbio, China). For astrocyte-
conditioned medium (ACM) preparation, the astrocytes were trea-
ted with LPS, LPS + db-cAMP (LDB), or phosphate buffered saline
(PBS) for 24 h. The original culture medium was completely
removed, and fresh medium was added for a three-day culture per-
iod. The supernatant was collected by centrifugation as condi-
tioned medium.

Primary neurons were isolated from embryonic day (E17-19)
C57BL/6] mice. Primary neurons were treated with ACM for three
days to assess senescence phenotypes.

Bone marrow-derived macrophages (BMDMs) were collected by
flushing the femurs and tibias with PBS. Following erythrocyte
lysis in ACK lysis buffer, bone marrow cells were plated in culture
dishes and maintained in complete medium supplemented with
2 mmol-L™! glutamine, 10% FBS, and recombinant mouse macro-
phage colony-stimulating factor (M-CSF).

HT22, C8-D1A, BV2, and RAW264.7 cells were obtained from
Procell Life Science & Technology (China). Cells were cultured in
DMEM supplemented with 10% FBS. HT22 cells were cultured in
serum-free DMEM for 24 h to induce apoptosis.

2.2. Western blotting

Western blotting was performed following previously pub-
lished protocols. The following antibodies were used: C3
(ab321966; 1:1000; Abcam, UK), CREB (67927-1-Ig; 1:5000;
Proteintech, USA), phosphorylated CREB (p-CREB; 28792-1-AP;
1:1000; Proteintech), phosphorylated PI3K (p-PI3K; 60225-1-Ig;
1:5000; Proteintech), PI3K (ab302958; 1:1000; Abcam), phospho-
rylated AKT (p-AKT; 66444-1-Ig; 1:2000; Proteintech), AKT
(10176-2-AP; 1:2000; Proteintech), cyclin-dependent kinase inhi-
bitor 1a (CDKN1A, also known as p21; ab109520; 1:1000; Abcam),
phosphorylated H2AX (yH2AX; ab81299; 1:1000; Abcam), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 60004-1-
Ig; 1:50000; Proteintech).

2.3. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was collected using TRIzol following the
manufacturer’s instructions (15596026; Invitrogen, USA). The
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complementary DNA (cDNA) was reverse transcribed with a cDNA
reverse transcription kit (KR116-02; Tiangen, China).

2.4. Cell Counting Kit-8 (CCK-8) assay

The viability of the cells was assessed using a CCK-8 assay
(C0037; Beyotime, China) according to the manufacturer’s instruc-
tions. The absorbance was measured at 450 nm using a microplate
reader to determine cell viability.

2.5. Immunofluorescence

Cells were seeded on coverslips, fixed with 4% paraformalde-
hyde (PFA), permeabilized with 0.25% Triton X-100, blocked with
5% bovine serum albumin (BSA), and incubated with primary anti-
bodies against the following proteins at 4 °C overnight: glial fibril-
lary acidic protein (GFAP; 3670; 1:500; CST, USA), C3 (ab321966;
1:50; Abcam), p-CREB (28792-1-AP; 1:200; Proteintech,), Tujl
(ab78078; 1:100; Abcam), p21 (ab109520; 1:200; Abcam), argi-
nase 1 (Argl; ab233548; 1:200; Abcam), fusion 4/80 (F4/80;
ab6640; 1:200; Abcam), and YH2AX (ab2893; 1:10000; Abcam).
Afterward, the samples were incubated with secondary antibody
at 37 °C for 1 h and mounted with 4’,6-diamidino-2-phenylindole
(DAPI)-containing mounting medium.

2.6. Flow cytometry

Apoptotic HT22 cells were labeled with carboxyfluorescein
diacetate succinimidyl ester (CFSE), while BMDMs were stained
with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine
(DiD). BMDMs were pretreated with LPS-stimulated ACM or LDB-
treated ACM for 24 h prior to efferocytosis. The labeled cells were
cocultured at a BMDM:HT22 ratio of 1:10 for 45 min. After the
nonengulfed targets were removed, the cells were trypsinized
and analyzed by flow cytometry to quantify the efferocytic BMDMs
(DiD*CFSE" population).

2.7. Preparation of the MP

The microneedle arrays were fabricated using polydimethyl-
siloxane (PDMS) molds. The microneedle tips were made using
gelatin methacryloyl (GelMA; EFL-GM-90), which consists of
GelMA (molecular weight: 150 kDa, degree of substitution: 90%)
and lithium phenyl-2,4,6-trimethylbenzoyl-phosphinate (LAP) at
a mass ratio of 100/5. In accordance with previous reports, a 5%
(w/v) solution of EFL-GM-90 was selected to fabricate the MP
[13]. To prepare the MP, a 5% (w/v) GelMA solution was first pre-
pared at 37 °C and injected into the molds under vacuum condi-
tions. The molds were then removed, the excess GelMA gel was
scraped off, and a 2% hyaluronic acid-dopamine (HA-DA) solution
was added to form the base of the microneedles. The molds were
placed in a 37 °C environment for 10 h to dry. Afterward, the
microneedles were carefully separated from the molds using
tweezers. The microneedles had a diameter of 250 pm and a
tapered height of 600 pm. The casting solution was then solidified
using blue light curing (405 nm, 30 mW-cm™2) for 30 s. The mor-
phology of the microneedles was evaluated using a scanning elec-
tron microscope (SEM; Nova Nano 450; Thermo FEI, USA).

2.8. Contusion SCI model

The SCI model was established following previously published
protocols [14,15]. All animal experiments were approved by the
Ethics Committee of Shandong University (No. 23096). Fifteen
eight-week-old female C57BL/6] mice (22-25 g) were purchased
from Vital River Laboratory Animal Technology Co., Ltd. (USA).
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The mice were randomly divided into three groups (sham, SCI,
and db-cAMP@MP; n = 5 per group). Following exposure of the
T10 vertebral level, moderate SCI was induced using an Infinite
Horizons impactor (Precision Systems and Instrumentation, LLC,,
USA) with a force of 0.75 N. For the db-cAMP@MP treatment group,
MPs were applied immediately to the injury site. Post-SCI, the mice
received daily injections of cefuroxime sodium to prevent urinary
tract infections and manual bladder expression.

2.9. Perfusion and sectioning

The mice were anesthetized with isoflurane. Cardiac perfusion
with PBS was performed until no blood outflow was observed, fol-
lowed by perfusion with 4% PFA. The harvested spinal cord was
post-fixed in 4% PFA for 24 h, dehydrated through a graded series
of sucrose solutions, and embedded in optimal cutting temperature
compound. Coronal sections (10 pm thickness) were obtained
using a cryostat (CM3050S; Leica, Germany).

2.10. RNA sequencing (RNA-seq)

RNA-seq and bioinformatics analysis were performed by Shang-
hai Genechem Co., Ltd. (China). Total RNA was extracted from three
experimental groups: control, LPS-treated, and LDB-treated astro-
cytes. RNA samples were subjected to sequencing using Illumina’s
NEBNext® Ultra™ RNA Library Prep Kit (USA) for library construc-
tion and quality control. Reference genome alignment was con-
ducted using HISAT2 (v2.0.5), with paired-end clean reads
mapped to the reference genome. Differential gene expression
analysis was performed using feature counts (v1.5.0-p3) on the
basis of the generated binary alignment map (BAM) files from each
alignment.

2.11. Immunohistochemistry

Spinal cord sections were washed with tris buffered saline with
Tween-20 (TBST) to completely remove residual OCT compound.
After the immunohistochemical regions were delineated, the sec-
tions were permeabilized with 0.25% Triton X-100 and blocked
with 5% BSA. Primary antibodies were incubated at 4 °C overnight:
GFAP (3670; 1:500; CST), C3 (ab321966; 1:50; Abcam), p-CREB
(28792-1-AP; 1:200; Proteintech), neuronal nuclei (NeuN;
ab104224; 1:100; Abcam), and p21 (ab109520; 1:200; Abcam).
Following TBST washes, appropriate fluorescent secondary anti-
bodies were incubated under light-protected conditions. Finally,
the nuclei were counterstained with DAPI, and the sections were
mounted for imaging using a whole-slide scanning and image anal-
ysis system.

2.12. Senescence-associated p-galactosidase (SA-p-gal) staining

Cells were seeded in six-well plates and allowed to adhere for
24 h. Then, the culture medium was replaced with different ACM
conditions for a 72-h incubation period. Cellular senescence was
assessed with a SA-B-gal Staining Kit (C0602; Beyotime) according
to the manufacturer’s instructions. After the staining procedure
was complete, the number of SA-B-gal-positive cells in three ran-
dom fields per well was quantified by bright-field microscopy.

2.13. CatWalk gait analysis

CatWalk gait analysis was performed using the CatWalk XT sys-
tem at six weeks post-SCI. The system consists of an illuminated
glass walkway where paw prints are captured by a high-speed
color camera. Prior to testing, all the mice underwent acclimation
training to adapt to the darkened environment. During formal
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assessment, each mouse completed a minimum of three valid runs.
Gait parameters were subsequently extracted for statistical
analysis.

2.14. Basso Mouse Scale

The BMS score was evaluated at 0, 1, 7, 14, 21, 28, 35, and 42 d
post-SCI. Mice were placed in a circular enclosed area (100 cm
diameter) and allowed to move freely for a 5-min observation per-
iod. Two blinded investigators scored locomotor function accord-
ing to the BMS guidelines, with randomized testing across
experimental groups. Neurological function was graded on a 9-
point scale (0 = complete paralysis; 9 = normal locomotion).

2.15. Biocompatibility testing

For the live/dead assay, a Transwell coculture system was used
to assess the biosafety of the MPs. The upper chamber membrane
was perforated with MP, while the HT22, C8-D1A, and BV2 cell
lines were cultured separately in the lower chambers. Cells were
maintained under appropriate conditions for 24, 48, and 72 h. Via-
bility was evaluated by dual staining with Calcein-AM and propid-
ium iodide (PI; C2015M; Beyotime).

For serum chemistry, blood samples were collected via orbital
venous plexus puncture and allowed to clot for 30 min, followed
by centrifugation at 3000 r-min~' for 10 min to obtain serum.
Serum biochemical parameters, including alkaline phosphatase
(ALP), alanine aminotransferase (ALT), uric acid (UA), creatinine
(CREA), and blood urea nitrogen (BUN), were quantitatively ana-
lyzed by the clinical laboratory at KingMed Diagnostics (China).

2.16. Statistical analysis

All the statistical analyses were performed using GraphPad
Prism 10.0. The experiments were conducted with at least three
independent biological replicates. Statistical analyses were con-
ducted using unpaired Student’s t tests for comparisons between
two groups, one-way analysis of variance (ANOVA) with appropri-
ate post hoc tests for multiple group comparisons, and two-way
ANOVA for assessing interaction effects between two independent
variables. The data are presented as the means * standard devia-
tions (SDs). Statistical significance was defined as p < 0.05.

3. Results

3.1. db-cAMP reduces the LPS-induced neurotoxic activation of
astrocytes

We isolated and cultured primary mouse astrocytes according
to a previously published protocol, and the purity of the isolated
astrocytes was confirmed to be approximately 90% (Fig. 1(a)).
Given that astrocyte proliferation is typically associated with a
neuroprotective phenotype, we used the CCK-8 assay to assess
the effects of db-cAMP on astrocyte proliferation and viability.
Treatment with increasing concentrations of db-cAMP induced a
dose-dependent increase in astrocyte proliferation, which pla-
teaued at 1 mmol-L™!, with an approximately 2.1-fold increase
compared with that of the untreated control (Fig. 1(b)). db-cAMP
is known to activate CREB via the canonical cAMP/PKA signaling
pathway. Consistent with these findings, we observed significant
activation of CREB in db-cAMP-treated primary astrocytes (Figs. 1
(c)and (d)). Since LPS stimulation is widely known to induce a neu-
rotoxic phenotype in astrocytes, we next examined the modulatory
effect of db-cAMP on LPS-induced astrocyte activation. At the tran-
scriptional level, db-cAMP significantly attenuated the LPS-
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induced upregulation of C3 and tumor necrosis factor-o (TNF-o)
messenger RNA (mRNA) expression, whereas C3 is a well-
established marker of neurotoxic astrocytes (Figs. 1(e) and (f)).
Astrocytes were treated with LPS or LDB. Notably, the LDB treat-
ment significantly suppressed the LPS-induced upregulation of
C3 expression by 15% at the protein level (Figs. 1(g)-(i), Fig. S1 in
Appendix A). Collectively, these findings suggest that db-cAMP
promotes the neuroprotective astrocyte phenotype by enhancing
proliferation and mitigating the neurotoxic activation induced by
inflammatory stimuli such as LPS.

3.2. db-cAMP rescues neurotoxic astrocyte-induced neuronal
senescence

To investigate whether the astrocyte phenotype influences neu-
ronal senescence, primary neurons were cultured in ACM collected
from control, LPS-, or LDB-treated astrocytes (Fig. S2 in Appendix
A). We isolated and cultured primary mouse neurons according
to a previously published protocol, and the purity of the isolated
neurons was confirmed to be approximately 95% (Fig. S3 in Appen-
dix A). SA-B-gal staining is considered the gold standard for detect-
ing cellular senescence and is based on the upregulated activity of
B-galactosidase in senescent cells. The results revealed that LPS-
stimulated ACM greatly increased SA-B-gal activity, whereas
LDB-treated ACM reduced this degree of senescence-associated
staining (Fig. 2(a)). p21, a critical cell cycle regulator, is function-
ally involved in cellular senescence through its cyclin-dependent
kinase inhibitory activity. Immunofluorescence analysis revealed
that LPS-stimulated ACM significantly increased the number of
p21-positive neurons, whereas LDB-treated ACM markedly
reduced this population (Fig. 2(a)). At the transcriptional level,
compared with neurons treated with LPS-stimulated ACM, neurons
treated with LDB-treated ACM exhibited an 86% reduction in p21
mRNA expression (Fig. S4 in Appendix A). Neurons exposed to
ACM from LPS-stimulated astrocytes exhibited marked upregula-
tion of p21 and yYH2AX expression. Conversely, compared with
LPS-treated ACM, ACM derived from astrocytes treated with LDB
significantly attenuated these effects, reducing p21 and YH2AX
protein levels by 36% and 41%, respectively (Figs. 2(b) and (c)).
These findings suggest that LPS-stimulated neurotoxic ACM pro-
motes neuronal senescence and that this effect is effectively
reversed by LDB-treated ACM.

3.3. LPS-stimulated ACM promotes M1 macrophage polarization and
inhibits efferocytosis

To ensure both molecular reproducibility and functional rele-
vance, we employed a complementary dual-cell model strategy.
The RAW264.7 cell line was selected for initial gene expression
profiling (RT-qPCR) because of its high uniformity and stability
across multiple groups. Conversely, primary BMDMs were utilized
for the efferocytosis assay to better preserve the complex, physio-
logically relevant phagocytic phenotypes that may be diminished
in immortalized lines. This integrated approach allows for more
robust validation of macrophage polarization and functional tran-
sition. Next, we used LPS, interferon 7y (IFNvy), and ACM to induce
M1 macrophage polarization in RAW264.7 cells or interleukin
(IL)-4 and ACM to induce M2 macrophage polarization. After
18 h of stimulation, we assessed the expression of M1/M2 macro-
phage marker genes via RT-qPCR. The results showed that LPS-
stimulated ACM significantly increased the expression of M1-
associated genes, including TNF-u, IL-6, and inducible nitric oxide
synthase (iNOS). In contrast, compared with the LPS-stimulated
ACM, the LDB-treated ACM significantly increased the expression
of M2-associated genes, including IL-10, cluster of differentiation
206 (CD206), and Argl (Fig. 3(a)). Given that efferocytosis, the
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Fig. 1. db-cAMP reduces LPS-induced neurotoxic astrocyte activation. (a) Characterization and purity verification of primary astrocytes. GFAP, green; DAPI, blue. Scale bar,
50 um. (b) Viability of astrocytes treated with increasing concentrations of db-cAMP (0, 0.2, 0.5, 1, and 2 mmol-L™!) for 24 h, as assessed by a CCK-8 assay. The data are

presented as the means + SDs and were analyzed by one-way ANOVA with Tukey’s post hoc test.

Hkk

p < 0.001, ns: not significant; n = 3. (c) Western blot analysis and (d)

quantification of p-CREB and total CREB levels in astrocytes treated with 1 mmol-L™' db-cAMP for 24 h. Data are presented as the means + SDs and were analyzed by Student’s
t tests. *p < 0.05; n = 3. (e, f) RT-qPCR results showing the mRNA levels of (e) C3 and (f) TNF-« in astrocytes treated with PBS, LPS (100 ng-mL™"), or LDB (1 mmol-L™!) for 24 h.
The data are presented as the means + SDs and were analyzed by one-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001; n = 3. (g) Western blot analysis
and (h) quantification of C3 protein expression in astrocytes under the same treatment conditions. The data are presented as the means + SDs and were analyzed by one-way
ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01; n = 3. (i) Quantification of C3 expression in astrocytes. The data are presented as the means + SDs and were analyzed by

one-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01; n = 3.

clearance of apoptotic cells by macrophages, is a key process for
resolving inflammation and promoting neuroprotection, we fur-
ther assessed this functional capacity. CFSE-labeled apoptotic
HT22 neuronal cells were cocultured with DiD-labeled BMDMs to
simulate efferocytosis in vitro. Compared with those treated with
LPS-stimulated ACM, the effects of LDB-treated macrophages on
the efferocytosis of apoptotic HT22 cells were enhanced (Fig. 3
(b)). Flow cytometric analysis corroborated these findings, reveal-
ing a 2.25-fold increase in the proportion of efferocytic macro-
phages in the LDB group compared with that in the LPS group
(33.5% vs 14.9%; Figs. 3(c) and (d)). Collectively, these results indi-
cate that LPS-stimulated neurotoxic ACM promotes M1 macro-
phage  polarization and impairs macrophage-mediated
efferocytosis.

3.4. db-cAMP attenuates C3" astrocyte polarization after LPS
treatment through activation of CREB/PI3K/AKT signaling

To elucidate the molecular mechanisms by which db-cAMP
suppresses C3* astrocyte polarization following LPS stimulation,
we performed transcriptomic profiling (RNA-seq) on astrocytes
subjected to control, LPS, or LDB treatment. Differentially
expressed genes (DEGs) between different groups were visualized
using volcano plots (Fig. S5 in Appendix A). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
revealed that the activity of the PI3K/AKT signaling pathway,
which was markedly downregulated upon LPS exposure, was sig-
nificantly reactivated in response to treatment with LDB
(Figs. 4(a) and (b)). To further validate these findings, we assessed
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Fig. 2. ACM regulates neuronal senescence. (a) Representative images of SA-p-gal staining and p21 immunofluorescence in neurons following three days of treatment with
control ACM, LPS-stimulated ACM, and LDB-treated ACM. Scale bars, 25 um. (b) Western blot analysis and (c) quantification of p21 and YH2AX protein expression in neurons
treated with different ACM conditions. The data are presented as the means + SDs and were analyzed by one-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01,

***p < 0.001; n=3.

the expression of key components of the PI3K/AKT pathway,
including PI3K, p-PI3K, AKT, and p-AKT. Western blot analysis
revealed notable increases in p-PI3K and p-AKT levels in the
LDB-treated group, with 1.61- and 1.46-fold increases, respec-
tively, compared with those in the group treated with LPS alone
(Figs. 4(c) and (d)). Importantly, pharmacological inhibition of
the PI3K/AKT pathway using LY294002 abrogated the suppressive
effect of db-cAMP on C3" astrocyte polarization. Specifically, com-
pared with those in the LDB group, the C3 expression in the astro-
cyte group pretreated with LY294002 was 3-fold greater,
indicating that PI3K/AKT signaling is essential for the db-cAMP-
mediated modulation of astrocyte reactivity (Figs. 4(e) and (f),
Fig. S6 in Appendix A).

To further determine whether activation of the PI3K/AKT path-
way is regulated by CREB, we specifically knocked down CREB in
primary astrocytes using short hairpin RNA (shRNA) lentivirus
(Fig. 4(g)). Following LDB treatment, we assessed the protein levels
of C3, p-PI3K, and p-AKT. CREB knockdown markedly attenuated
the activation of the PI3K/AKT pathway, as indicated by an approx-
imately 50% reduction in p-PI3K and p-AKT expression. Concur-
rently, C3 expression was significantly upregulated by 1.4-fold
compared with that in nontargeting control cells (Figs. 4(g)-(i),
Fig. S7 in Appendix A). In summary, our data demonstrated that

CREB is an upstream regulator of PI3K/AKT signaling and plays a
critical role in mediating the inhibitory effect of db-cAMP on C3*
astrocyte polarization.

3.5. Characterization and biocompatibility of db-cAMP@MP

To enhance the transdermal delivery of therapeutics across the
BSCB, we engineered an adhesive, drug-loaded microneedle patch
(db-cAMP@MP) composed of a GelMA hydrogel tip and a HA-DA
hydrogel base (Fig. S8 in Appendix A). The successful synthesis of
both GelMA and HA-DA was verified using hydrogen nuclear mag-
netic resonance (HNMR) spectroscopy. For GelMA, a new peak
appeared at 5.5 parts per million (ppm), which was absent in
unmodified gelatin, confirming successful methacrylation. Simi-
larly, the incorporation of dopamine into HA-DA was indicated
by a characteristic peak at 6.7 ppm, corresponding to the aromatic
protons of the catechol group (Figs. 5(a) and (b)). By calculating the
ratio of the integrated areas of dopamine aromatic proton peaks
(peak C) to that of HA reference peak (peak A), we determined
the grafting efficiency of dopamine to be 24%. Microneedles were
fabricated using silicone molds, as illustrated in the schematic dia-
gram. Following the drying and demolding process, scanning elec-
tron microscopy (SEM) confirmed the formation of uniformly
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Fig. 3. LPS-stimulated ACM promotes M1 macrophage polarization and inhibits efferocytosis. (a) RT-qPCR analysis of M1-associated (TNF-o, IL-6, and iNOS) and M2-
associated (CD206, IL-10, and Argl) gene expression in RAW264.7 macrophages following 18 h of stimulation with LPS + IFNy (M1 polarization) or IL-4 (M2 polarization)
under different ACM treatment conditions. The data are presented as the means + SDs and were analyzed by one-way ANOVA with Tukey’s post hoc test. **p < 0.01,
***p < 0.001; n = 3. (b) Schematic of the detection of the efferocytosis of apoptotic HT22 cells by BMDMs. (c¢) Representative immunofluorescence images depicting
efferocytosis of apoptotic HT22 cells by BMDMs. Apoptotic HT22 cells were collected after 24 h of serum-free culture. BMDMs were pretreated with LPS-stimulated ACM (left)
or LDB-treated ACM (right) for 24 h prior to efferocytosis. DiD-labeled BMDMs, red; CFSE-labeled apoptotic HT22 cells, green; and DAPI, blue. White arrows indicate apoptotic
HT22 cells effeocytosed by BMDMs. Scale bars, 20 pm. (d) Flow cytometric analysis and quantification of efferocytic macrophages, defined as DiD* BMDM s engulfing CFSE*
apoptotic HT22 cells. The data are presented as the means + SDs and were analyzed by Student’s t tests. ***p < 0.001; n = 5.

structured microneedles with a base diameter of approximately
250 pm and a height of 600 um (Fig. 5(c)). To evaluate drug load-
ing and release performance, 1 mmol-L™! db-cAMP was incorpo-
rated into both the GelMA and HA-DA precursor solutions prior
to molding. In vitro drug release assays demonstrated a sustained
release profile extending over seven days, highlighting the sys-
tem'’s potential for prolonged and controlled delivery across the
BSCB and into the spinal cord microenvironment (Fig. S9 in Appen-
dix A). Furthermore, compression force analysis revealed no signif-

icant  difference in mechanical performance between
db-cAMP@MP and MP (Fig. S10 and S11 in Appendix A), confirming
that drug encapsulation does not compromise the structural integ-
rity of the patch.

Next, we evaluated the biocompatibility of db-cAMP@MP with
resident spinal cord cell types, including neurons, astrocytes, and
microglia (HT22, C8-D1A, and BV2 cells, respectively), using a
CCK-8 kit and Calcein-AM-PI dye. After 24, 48, and 72 h of cocul-
ture, no significant differences in cell viability were observed
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downregulated DEGs in LPS-treated astrocytes compared with those in control astrocytes. (b) KEGG enrichment analysis of upregulated DEGs in the LDB-treated group
compared with the LPS group. (c) Western blot analysis and (d) quantification of p-AKT, total AKT, p-PI3K, and total PI3K levels in astrocytes treated with LDB for 24 h. Data
are presented as the means + SDs and were analyzed by Student's ¢ test. *p < 0.05; n = 3. (e) Representative Western blot images and (f) quantification of C3 protein expression
in astrocytes treated with LPS, LDB, and LDB + LY294002 for 24 h. The data are presented as the means * SDs and were analyzed by one-way ANOVA with Tukey’s post hoc test.

*p <0.05, *p <0.01; n =

3. (g) Western blot analysis and quantification of C3 and CREB protein expression in shCREB-transduced and negative control (sShNC-transduced)

astrocytes treated with LDB for 24 h. The data are presented as the means + SDs and were analyzed by Student’s t tests. *p < 0.05, **p < 0.01; n = 3. (h) Western blot analysis
and (i) quantification of the PI3K/AKT pathway in shCREB-transduced and shNC-transduced astrocytes treated with LDB for 24 h. Data are presented as the means + SDs and

were analyzed by Student’s ¢t test. ***p < 0.001; n = 3.
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between the db-cAMP@MP-treated group and the control group
(Fig. 5(d), Fig. S12 in Appendix A), indicating that the treatment
had little effect on cell viability in vitro. To further assess in vivo
biosafety, db-cAMP@MP patches were epidurally applied to pene-
trate the spinal meninges and adhere to the spinal cord surface.
After six weeks, comprehensive blood biochemical analyses
revealed no significant alterations in liver or kidney function mark-
ers, including BUN, CREA, UA, ALP, and ALT (Fig. S13 in Appendix
A). Histological examination of major organs, including the heart,
kidney, liver, lung, and spleen, revealed no pathological changes
(Fig. 5(e)), confirming the systemic biocompatibility and nontoxic-
ity of the db-cAMP@MP delivery system. To compare the efficacy of
microneedle-based delivery with that of systemic injection, we
administered identical doses of db-cAMP to mice immediately fol-
lowing SCI via either MP or intraperitoneal injection (i.p.). To assess
cAMP pathway activation levels at seven days post-injury, we used
immunofluorescence staining to quantify the expression of p-
CREB, a downstream marker of cAMP activity. The results revealed
that p-CREB expression at the lesion site was significantly greater
in the db-cAMP@MP group than in the db-cAMP (i.p.) group,
demonstrating that the MP bypasses the BSCB and maintains local-
ized, controlled drug release at the injury site (Fig. S14 in Appendix
A). We validated sustained in vivo release through a combination of
material properties and biological readouts. The db-cAMP@MP
ensures reliable patch retention, providing a physical platform
for the seven-day sustained release observed in vitro (Fig. S9). Cru-
cially, the significantly greater and more persistent activation of p-
CREB at the lesion site at seven days post-application (Fig. S14)—
compared with the transient effect of systemic administration—d
emonstrates sustained local bioactivity. This prolonged signaling,
coupled with six-week improvements in motor function (Figs. 6
and 7), robustly substantiates the long-term therapeutic action of
the db-cAMP@MP system.

3.6. db-cAMP@MP alleviates neuronal senescence and enhances
functional recovery after SCI

To evaluate the therapeutic potential of db-cAMP@MP in vivo,
the MP was applied directly to the lesion site immediately after
spinal cord contusion in mice. Spinal cord tissues were collected
six weeks post-injury for histological and immunofluorescence
analysis. Treatment with db-cAMP@MP markedly increased the
number of p-CREB-positive astrocytes at the injury site by 3.5-
fold but simultaneously reduced the number of C3" astrocytes by
53% compared with those in the SCI control group (Figs. 6(a)-
(d)). These results indicate that db-cAMP@MP treatment activates
CREB signaling and suppresses neurotoxic astrocyte polarization
in vivo. Furthermore, a significant reduction in neuronal senes-
cence was observed in the db-cAMP@MP-treated group, as evi-
denced by a 43% decrease in the number of senescent neurons at
the lesion site compared with that in the naive SCI group (Figs. 6
(e) and (f)). To validate M2 macrophage polarization in vivo, we
performed immunofluorescence staining for Argl and F4/80 in
spinal cord sections at seven days post-injury. Compared with
the control treatment, treatment with db-cAMP@MP significantly
enhanced the regenerative response, resulting in a 2.1-fold
increase in M2 macrophages (Fig. S15 in Appendix A). Furthermore,
to assess the neuroprotective effects of db-cAMP@MP against neu-
ronal senescence, we performed dual immunofluorescence stain-
ing for NeuN and YH2AX, and in accordance with our in vitro
findings, db-cAMP@MP treatment significantly attenuated neu-
ronal aging, as evidenced by a 57% reduction in the number of
senescent neurons (NeuN*/yH2AX") at the lesion site (Fig. S16 in
Appendix A). These findings demonstrate that db-cAMP@MP has
neuroprotective effects through the modulation of astrocyte reac-
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tivation, macrophage polarization, and neuronal senescence, sup-
porting its potential to promote functional recovery following SCI.

To assess the therapeutic efficacy of db-cAMP@MP in promoting
motor functional recovery after SCI, we conducted BMS scoring,
CatWalk gait analysis, and MEP recording in SCI mice. BMS scores
revealed a significant improvement in motor function in db-
cAMP@MP-treated mice compared with that in untreated SCI con-
trol mice, with notable differences observed beginning on day 14
post-treatment. At six weeks post-treatment, compared with the
SCI group (2.0 £ 0.71), the db-cAMP-treated group had significantly
higher BMS scores (3.8 + 0.83) (Fig. 7(a)). Endpoint footprint anal-
ysis further demonstrated improved hindlimb locomotion in the
db-cAMP@MP group, in contrast to the absence of hindlimb move-
ment in untreated SCI mice (Figs. 7(b) and (c)). Gait analysis
revealed significant enhancements in key parameters: maximum
intensity (2.5-fold), maximum contact intensity (2.7-fold), print
width (3.5-fold), and maximum contact area (5.2-fold) (Fig. 7(d)).
Consistently, MEP recordings confirmed a marked increase in sig-
nal amplitude following db-cAMP@MP treatment (Fig. 7(e)). Taken
together, these findings indicate that db-cAMP@MP markedly pro-
motes motor function recovery after SCI.

4. Discussion

After SCI, the local microenvironment becomes disrupted
because of excessive inflammatory responses and the release of
regeneration-inhibiting molecules [16]. These pathological
changes drive astrocytes toward a neurotoxic A1 phenotype, char-
acterized by high C3 expression, exacerbating secondary neural
damage by amplifying inflammatory cascades, promoting glial scar
formation, and impairing axonal regeneration. Our coculture
experiments demonstrated that conditioned medium from C3*
astrocytes significantly upregulated neuronal p21 expression,
increased SA-B-gal activity, skewed macrophages toward the M1
phenotype, and impaired the efferocytosis of apoptotic neurons.
Collectively, these findings indicate that Al astrocytes not only
induce neuronal senescence but also foster a chronically pro-
inflammatory microenvironment that hinders synaptic remodeling
and neural repair. Thus, targeting A1l astrocyte polarization
emerges as a critical strategy to overcome barriers to functional
recovery after SCI.

In this study, we identified the CREB as a crucial modulator of
astrocyte polarization. Activation of CREB via db-cAMP, an endoge-
nous CREB activator, significantly suppressed A1 astrocytes in vitro
while concurrently promoting M2 macrophage polarization and
reducing neuronal senescence. Importantly, db-cAMP treatment
led to the downregulation of pro-inflammatory mediators (TNF-
a, IL-6, and iNOS) and the upregulation of anti-inflammatory and
neuroprotective factors (CD206, IL-10, and Argl), highlighting its
role in reprogramming the neuroimmune milieu. Although CREB
signaling has previously been implicated in neuro-regeneration,
the mechanisms through which CREB regulates A1 astrocyte polar-
ization remain incompletely understood [17]. Our transcriptomic
analysis revealed the upregulation of key components of the
PI3K/AKT signaling pathway following db-cAMP treatment. Given
the established role of PI3K/AKT signaling in immune modulation
and neural repair [18,19], our findings suggest that this pathway
functions downstream of CREB to mediate its inhibitory effect on
A1 astrocyte polarization. Indeed, knockdown of CREB or pharma-
cological inhibition of PI3K using LY294002 abolished the suppres-
sive effects of db-cAMP on A1 astrocyte polarization. These results
suggest that the CREB/PI3K/AKT axis plays a central role in regulat-
ing astrocyte phenotype switching between neurotoxic and neuro-
protective states, providing a mechanistic explanation for the
observed neuroprotective effects.
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Fig. 6. db-cAMP@MP mitigates neurotoxic astrocyte activation and neuronal senescence in vivo. (a) Representative immunofluorescence images and (b) quantification of
GFAP and p-CREB expression in spinal cord sections from the sham, SCI, and db-cAMP@MP groups on day 42 post-injury. Scale bar, 50 um. (¢) Immunofluorescence staining
and (d) quantification of GFAP and C3 expression in the sham, SCI, and db-cAMP@MP groups on day 42 post-injury. Scale bar, 50 um. (e) Representative immunofluorescence
images and (f) quantification of p21 and NeuN expression in the sham, SCI, and db-cAMP@MP groups on day 42 post-injury. Scale bar, 50 pum. The data are presented as the
means * SDs and were analyzed by one-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001; n = 3.

The ACM functions as a mediator that coordinates neuronal
senescence and immune responses within the inflammatory
microenvironment. Our findings suggest that inflammatory astro-
cytes establish a pathogenic extracellular milieu that accelerates
neuronal senescence while sustaining pro-inflammatory macro-
phage states with impaired efferocytosis, thus limiting the clear-
ance of injury-induced apoptotic neurons and reinforcing chronic
tissue stress. In contrast, activation of the CREB/PI3K signaling axis
in astrocytes remodels astrocyte polarization toward a neuropro-
tective profile, characterized by reduced complement output and
restoration of macrophage efferocytic capacity. Mechanistically,
astrocyte-derived C3 acts predominantly through paracrine C3a/
C3aR signaling to influence both neuronal stress responses and
macrophage functional polarization, linking defective efferocytosis
to the persistence of neuronal senescence. Collectively, the above
findings demonstrate that neuronal senescence and macrophage
polarization are regulated by the astrocyte-secreted milieu. This
conceptual framework positions astrocytes as upstream organiz-
ers, with ACM serving as a molecular interface integrating CREB/
PI3K signaling, complement-mediated communication, and
macrophage-driven resolution processes. Additional astrocyte-
derived inflammatory and immunomodulatory factors likely con-
tribute beyond C3a/C3aR signaling, warranting further mechanistic
investigation.
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Although db-cAMP has significant effects in vitro, delivering
small-molecule therapeutics to the injured spinal cord remains
challenging because of the limited access posed by the BSCB for
systemic administration [20]. While intrathecal injection is a com-
mon alternative delivery approach, it often leads to rapid drug
clearance, typically necessitating repeated administration, which
may increase the risk of additional injury [21]. While direct phar-
macokinetic (PK) quantification is the gold standard for systemic
drugs, it faces technical challenges. As a cell-permeable analog of
the second messenger cCAMP, db-cAMP triggers an amplified down-
stream signaling cascade. Therefore, compared with the stoichio-
metric concentration of db-cAMP, p-CREB activation serves as a
more robust, functionally relevant indicator of local drug action.
Our results revealed that the db-cAMP@MP group achieved potent
local p-CREB activation (Fig. S14 in Appendix A) without detectable
systemic toxicity (Fig. 5(e), Fig. S13 in Appendix A). This “local effi-
cacy-systemic safety” profile, driven by the amplified cAMP signal-
ing axis, provides clear evidence of superior functional delivery and
reduced systemic exposure. Owing to their minimally invasive nat-
ure and controlled drug release capabilities, hydrogel-based MPs
have emerged as promising delivery platforms for SCI repair [22].
For instance, previous studies have demonstrated that MPs loaded
with mesenchymal stem cells, extracellular vesicles, or methyl-
prednisolone can effectively promote neural repair or improve
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Fig. 7. db-cAMP@MP improves motor functional recovery after SCI. (a) BMS scores were assessed at 0, 1, 7, 14, 21, 28, 35, and 42 d post-SCI in the sham-, SCI-, and db-
cAMP@MP-treated groups. Data are presented as the means + SDs and were analyzed by two-way ANOVA with Tukey’s post hoc test. **p < 0.01, ***p < 0.001; n = 5. (b)
Representative gait patterns from CatWalk analysis in sham-, SCI-, and db-cAMP@MP-treated mice. (c) 3D graph of the pressure and contact area of the right and left hind
paws, showing the spatial pressure distribution during locomotion. The peaks in the image represent the contact area and contact pressure between the plantar surface and
the platform. X-axis: lateral coordinate; Y-axis: longitudinal coordinate; Z-axis: pressure magnitude. (d) Quantitative analysis of gait parameters, including maximum
intensity, maximum contact intensity, print width, and maximum contact area, across treatment groups. The data are presented as the means + SDs and were analyzed by
one-way ANOVA with Tukey’s post hoc test. **p < 0.01, ***p < 0.001; n = 4. (e) Representative MEP recordings and quantification of peak amplitude across groups. The data are
presented as the means + SDs and were analyzed by one-way ANOVA with Tukey’s post hoc test. ***p < 0.001; n = 4. LF: left front; RF: right front; LH: left hind; RH: right hind.
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motor function [13,23,24]. Our innovation lies in the specific use of
a highly substituted GelMA (90%) for optimized mechanical
strength during insertion and the incorporation of dopamine for
enhanced wet-tissue adhesion specific to the challenging spinal
cord environment. The mechanical characterization data in
Figs. S10 and S11 compare the insertion force and adhesion
strength of our bilayer patch with those of a single material
(GelMA-60) reported previously, demonstrating superior perfor-
mance. This dual-hydrogel design not only minimizes uncontrolled
drug dispersion but also maximizes local drug bioavailability,
ensuring potent and sustained therapeutic efficacy. In vivo, db-
cAMP@MP mice achieved sustained p-CREB activation in astro-
cytes, reduced the abundance of C3* A1 astrocytes and p21"* senes-
cent neurons, and promoted a regenerative microenvironment.
Behavioral and electrophysiological assessments—including BMS
scoring, gait analysis, and MEPs—further confirmed that db-
cAMP@MP facilitated robust functional recovery after SCI.

Our findings underscore the therapeutic potential of targeting
the CREB/PI3K/AKT signaling axis in astrocytes through the local-
ized and sustained delivery of db-cAMP@MP technology. This
strategy effectively reprograms the neuroinflammatory microenvi-
ronment, attenuates neurotoxic astrocyte polarization, and pro-
motes neuronal survival and regenerative processes. The use of
db-cAMP@MP not only overcomes the limitations of conventional
drug delivery across the BSCB but also provides a promising and
minimally invasive platform for spinal cord repair. Beyond phar-
macological modulation, the physical design of biomaterial
implants can actively instruct tissue remodeling. For example,
the mechanical properties of scaffolds have been shown to direct
fibrotic scar organization, critically influencing the regeneration-
permissiveness of the lesion microenvironment [25]. While our
study focused primarily on astrocyte polarization and functional
recovery, future investigations will incorporate additional parame-
ters, including glial scar resolution, microglial phenotypic modula-
tion, and synaptic remodeling, to comprehensively evaluate the
therapeutic landscape. Further mechanistic studies will aim to elu-
cidate how db-cAMP@MP orchestrates neuronal repair in the con-
text of SCI and broader neurodegenerative conditions.

5. Conclusion

In conclusion, this study revealed that the CREB/PI3K/AKT sig-
naling pathway is a critical regulator of C3*-induced neurotoxic
astrocyte differentiation, influencing key pathological processes,
including neuronal senescence, macrophage polarization, and effe-
rocytic dysfunction. Furthermore, we introduce a novel therapeutic
approach employing the db-cAMP@MP for localized delivery of db-
cAMP, offering a minimally invasive and effective platform to mod-
ulate the neuroinflammatory milieu and promote spinal cord
repair. By targeting astrocyte plasticity and enhancing neuro-
regeneration, our findings not only advance the mechanistic
understanding of SCI pathology but also highlight a translationally
viable strategy with promising clinical relevance.
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