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ABSTRACT
Context • Neuroinflammation after spinal cord injury 
(SCI) can lead to long-term damage in neural tissue, 
which can cause the destruction and dysfunction of the 
neurological system. Roflupram (ROF), a selective 
phosphodiesterase 4 inhibitor, may play a protective role 
against neuropathological diseases, but the specific role of 
ROF in SCI treatment is unknown. 
Objective • The study intended to investigate the anti-
inflammatory mechanism and therapeutic effects of ROF 
to determine if it can attenuate lipopolysaccharide (LPS)-
induced microglia that induces neuroinflammation and 
decrease neural-tissue damage following an SCI. 
Design • The research team performed an animal study.
Setting • The study took place at the Fourth Affiliated 
Hospital of Harbin Medical University in Harbin, China.
Animals • The animals were female C57BL/6 mice, aged 8 
weeks and weighing approximately 20 g.
Intervention • For the in-vitro study, the research team 
divided BV2 microglial cells into three groups: (1) the 
control group, which received no LPS stimuli and no ROF 
treatment, (2) the LPS group, which received LPS stimuli 
but no ROF treatment, and (3) LPS+ROF group, which 
received both LPS stimuli and ROF treatment. For the 
in-vivo study, the research team randomly divided the 
mice into three groups: (1) the sham group, for which the 
team didn’t induce SCI and which received no ROF 
treatment (2) the SCI group, for which the team induced 
SCI but which received no ROF treatment, and (3) the 
SCI+ROF group, for which the team induced SCI and 
which received the ROF treatment. 

Outcome Measures • The research team evaluated: (1) the 
cell viability of the BV2 microglia cells after five doses of 
ROF and the RNA levels of inflammatory-activation-
related factors, the inflammatory pathway; (2) in-vitro 
inhibition of inflammation in LPS-activated microglia; (3) 
the anti-neuroinflammatory role of ROF after SCI induction 
in vitro; and (4) the role of ROF in neural-structure 
protection and locomotor-function recovery in vitro. 
Results • In the in-vitro study, the ROF attenuated 
microglial inflammation through the inhibition of the 
NLRP3 inflammasome in vitro, reduced 
neuroinflammation, and protected against neuronal loss.  
In the in-vivo study with mice, the ROF: (1) improved the 
functional recovery of locomotor skills after induction of 
SCI; (2) acted in an anti-inflammatory role in SCI, 
restraining microglial inflammation by inhibition of the 
“nucleotide-binding domain, leucine-rich–containing 
family, pyrin domain–containing-3” (NLRP3) 
inflammasome and reduction of caspase-1-dependent, 
interleukin-1 beta (IL)-1β; and (3) reduced neuronal 
death and protected against tissue loss, improving 
functional recovery after an SCI. 
Conclusions • The current study demonstrated that ROF 
can reduce the levels of inflammation in the tissue after 
spinal cord injury by modulating the AMPK/NLRP3 
signaling pathway, thereby promoting the recovery of 
motor function in mice. ROF is a promising drug for 
prevention of neural-tissue damage following neural 
injury. (Altern Ther Health Med. 2023;29(7):340-347).
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Spinal cord injury (SCI) is one of the most severe 
neurological diseases, resulting in paraplegia, bladder 
disorders, and even death in critical states.1-3 Damaged 
neural tissue can provoke a series of pathophysiological 
events, such as neuroinflammation, oxidative stress, and 
apoptosis, that can aggravate an injury.4,5 Tran et al considers 
this process, named secondary SCI (SSCI), to be a crucial 
element affecting neurological recovery long-term.6 

After an SCI, resident microglia become activated and 
work together with infiltrating leukocytes to release an 
increased amount of pro-inflammatory cytokines and 
reactive oxygen species (ROS). This induces 
neuroinflammation and can allow greater accumulation of 
glial groups and subsequent neural-tissue damage.7,8 

This inflammatory response can trigger processes such as 
demyelination, neuronal apoptosis, and pyroptosis. Excessive 
neurological damage can result in irreversible neurological 
dysfunction. Therefore, reducing neuroinflammation holds 
promise as a therapeutic approach to protect the integrity of 
neural tissue and preserve its function following an SCI.

Despite a few studies reporting that neuroinflammation 
can play a necessary part in effecting neurological repair,9 
excessive activation of microglia following trauma can evoke 
larger and more serious neural-tissue loss in the injured area. 

Phosphodiesterase 4 (PDE4)
PDE4 can catalyze cyclic adenosine monophosphate (cAMP) 

hydrolyzation,10 and inhibition of PDE4 can naturally provoke an 
increase in the cAMP level. Inhibition can increasingly initiate 
protein kinase A (PKA) and adenosine-monophosphate-activated 
protein kinase (AMPK),11,12 a critical metabolic enzyme that can 
induce suppression of the downstream “nucleotide-binding 
domain, leucine-rich–containing family, pyrin domain–
containing-3” (NLRP3) inflammasome. 

Previous studies have reported that a PDE4 inhibitor 
could induce phosphorylated expression of the AMPK-
related pathway. For example, Wan et al reported that 
inhibition of phosphodiesterase could improve 
neuroprotection by activating AMPK for patients who had a 
stroke.13 Moreover, Zhong et al found that a PDE4 inhibitor 
could induce AMPK-dependent autophagy in an in-vitro 
Parkinson’s model.14 Zhang et al found that activation of 
AMPK can suppress NLRP3 synthesis in inflammatory 
initiation.15 Ma et al found that AMPK phosphorylation 
could reduce NLRP3 expression in neurological diseases.16

NLRP3 Inflammasome
The NLRP3 inflammasome, which Tschopp first reported 

in 2002, is a notable pro-inflammatory protein complex that 
regulates the activation of caspase-1 and promotes interleukin-1 
beta (IL-1β) maturation.17 Several studies have shown that 
ROS can directly induce the synthesis of the NLRP3 complex, 
which is associated with the activation of toll-like receptor 4 
(TLR4) and TNF receptors by LPS or TNF-α, respectively.18-20 

Macks et al mentioned the ameliorative effects of PDE4 
inhibition in therapy for SCI and suggested the use of 

Rolipram, the canonical PDE4 inhibitor, to promote neurite 
outgrowth and myelination in an SCI model.21 In addition, 
Schaal et al found that a PDE4 inhibitor could reduce 
inflammatory infiltration and oxidative stress in SCI.22 

Several other studies have demonstrated potent 
neuroprotection through inhibition of the NLRP3 
inflammasome in several neurological diseases.23-25 Zhong et al 
found that inhibition of PDE4 could induce AMPK-dependent 
autophagy of neurons, after a “1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine” (MPP)-induced oxidative insult.14 

Roflupram (ROF)
Roflupram (ROF) is a selective PDE4 inhibitor and shows 

a high sensitivity against PDE4A4, PDE4B2 and PDE4D4.26 
More important, ROF can traverse the blood-brain barrier 
after oral administration and shows no side effects. 

Recent studies have shown an ameliorative role for ROF 
in the neurological degeneration in Parkinson’s disease (PD) 
and Alzheimer’s disease (AD)27-28. You et al reported that 
ROF treatment can improve\ autophagy in microglial cells by 
inhibiting NLRP3 expression, leading to a subsequent 
reduction in caspase-1 and IL-1β.29

Current Study
The current research team has speculated that ROF 

treatment may play an anti-inflammatory and neuroprotective 
role in SCI and that the underlying mechanism may be 
inhibition of the inflammasome pathway in microglia. 

The current study intended to investigate the anti-
inflammatory mechanism and therapeutic effects of ROF to 
determine if it can attenuate lipopolysaccharide (LPS)-
induced microglia that induces neuroinflammation and 
decrease neural-tissue damage following an SCI. 

METHODS
Animals

The research team performed an animal study, which 
took place at the Fourth Affiliated Hospital of Harbin 
Medical University in Harbin, China. The animals were 
female C57BL/6 mice, aged 8 weeks and weighing 
approximately 20 g. The research team obtained them from 
and housed them at the university’s Animal Center.  All 
experimental animals were provided ad libitum access to 
food and water throughout the experiment. They were 
housed in an animal facility with a controlled environment of 
50% relative humidity, a temperature of 22 ± 1 degrees 
Celsius, and a 12/12 light-dark cycle. The center’s Animal 
Ethics Committee approved the study’s protocols.

Procedures
Materials and equipment. The research team purchased: 

(1) from American Type Culture Collection (ATCC, Virginia, 
USA), the BV2 microglia cell line; (2) from Gibco (Rockville, 
MD, USA), Dulbecco’s Modified Eagle Medium (DMEM), 
fetal bovine serum (FBS), and 1% penicillin/streptomycin; (3) 
from Sigma-Aldrich (St. Louis, MO, USA), ROF, 0.1% 
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(3) the SCI+ROF group, for which the team induced SCI and 
which received the ROF treatment. 

SCI induction. The surgical procedure for SCI was the 
same as that performed in the current research team’s 
previous study.30 Briefly, for the SCI and SCI+ROF groups, 
the team: (1) anesthetized the mice intraperitoneally, using 
50 mg/kg of 1% pentobarbital sodium and (2) exposed and 
compressed the 10th thoracic spinal cord using 50 kilodyne 
for 2 min. Following the SCI+ROF group’s recovery, the team 
administered 10 mg/kg qd of ROF, dissolved in normal 
saline, using oral gavage for a week after the SCI. 

RT-PCR. The research team: (1) extracted total RNA 
from the BV2 cells or the animals’ cord tissues using the 
TRIzol Plus RNA Purification Kit, following the 
manufacturer’s protocols; (2) conducted complementary 
deoxyribose nucleic acid (cDNA) synthesis using the RT-PCR 
system; (3) employed a melting curve to analyze each RNA 
level; (4) applied glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) for normalization; and (5) quantified relative 
levels of mRNA expression using the 2−ΔΔCt methods. Table 
1 shows the formulated mentioned primers of RNAs.

IF staining. The research team: (1) fixated the spinal 
cord tissue with the 4% PFA for 24 h and conducted 
dehydration through different gradients of alcohol; (2) 
embedded the samples into paraffin; and (3) cut them into 
5-μm sections using the rotary microtome. 

For IF, the team: (1) incubated sections overnight at 4°C 
with IBA-1 at 1:300, CD86 at 1:200, NF200 at 1:200, NLRP3 at 
1:200, IL-1β at 1:100, and caspase-1 at 1:100; (2) washed the 
sections and incubated them with Alexa Fluor 488 or 594 at 
1:200 for one hour; (3) stained the nuclei with the DAPI 
mounting medium; and (4) visualized and collected the images 
of sections using the fluorescence inversion microscope system.

HE staining. For histologic observation, the research 
team conducted HE staining according to the manufacturer’s 
protocols; (2) counterstained the nuclei with hematoxylin for 
10 s; and (3) observed the images using a fluorescence 
inversion microscope system.

Western blotting. The research team: (1) for the microglia, 
performed lysis using the total protein extraction kit, according 

dimethylsulfoxide (DMSO), and lipopolysaccharide (LPS); (4) 
from Beyotime (Shanghai, China), a Cell Counting Kit 8 
(CCK8) solution, a Total Protein Extraction Kit, a Bicinchoninic 
Acid (BCA) Assay Kit, and an HE Staining Kit; (5) from 
BioTek Instruments Inc., (Winooski, VT, USA) , a microplate 
reader; (6) from Sigma-Aldrich (St. Louis, MO, USA), 1% 
pentobarbital sodium; (7) from Invitrogen (Carlsbad, CA, 
USA), a TRIzol Plus RNA Purification Kit and the SuperScript 
IV One-Step Reverse transcription-polymerase chain reaction 
(RT-PCR) system; (8) from Thermo Scientific (Waltham, MA, 
USA), a Maxima H Minus First Strand cDNA Synthesis Kit; 
(9) from Beyotime (Shanghai, China), 4% paraformaldehyde 
(PFA); (10) from Lecia (Weztlar, Germany) (Shanghai, China), 
a rotary microtome; (11) from Abcam (Cambridge, MA, 
USA), ionized calcium-binding adapter molecule 1 (IBA-1), 
cluster of differentiation 86 (CD86), hypophosphorylated 
neurofilament H (NF200), NLRP3, IL-1β, caspase-1, Alexa 
Fluor 488 and 594, diamidine phenylindole (DAPI) Mounting 
Medium With DAPI-Aqueous Fluoroshield, p-AMPK, AMPK, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 
goat anti-rabbit IgG H&L (HRP); (12) from Leica (Wetzlar, 
Germany), a fluorescence inversion microscope system 
(DMI600 B FW4000); (13) from R&D Systems (Minneapolis, 
MN, USA), an enzyme-linked immunosorbent assay (ELISA), 
(14) from BioRed (Hercules, CA, USA), an enhanced 
chemiluminescence (ECL) system, and (15) from Beyotime  
(Shanghai, China), the 3,3’, 5,5;-tetramethylbenzidine (TMB) 
solution.

In-vitro groups. For the evaluation of the effects of ROF 
on microglial cells in vitro, the research team divided the cells 
into three groups: (1) the control group, which received no LPS 
stimuli and no ROF treatment, (2) the LPS group, which 
received LPS stimuli but no ROF treatment, and (3) LPS+ROF 
group, which received both LPS stimuli and ROF treatment. 

Cell culture and treatment. The research team: (1) 
cultured the BV2 microglial cells in six-well plates containing 
4 mL of DMEM; (2) supplemented the medium with 10% 
FBS and 1% penicillin/streptomycin; (3) for cell treatment, 
dissolved five concentrations of ROF—5 μM, 10 μM, 20 μM, 
50 μM, and 100 μM—in DMEM with DMSO and added the 
cell medium for 24h; and (4) dissolved 1 μg/mL of LPS in 
DMEM and added it to the treated cells for 16 h. 

Cell viability assay. The research team: (1) cultured the 
BV2 microglial cells—1x104 /well—in 96-well plates 
overnight at 37°C and 5% CO2; (2) removed the culture 
medium with the 5 μM to 100 μM amounts of ROF and 
added the medium into separate wells; (3) incubated the cells 
for 2 h; (4) measured cell viability using the CCK8, following 
the manufacturer’s instructions; and (5) measured absorbance 
using the microplate reader at 450 nm.

In-vivo groups. For the in-vivo study, the research team 
randomly divided the mice into three groups and applied 
distinct labeling to differentiate them in each group: (1) the 
sham group, for which the team didn’t induce SCI and which 
received no ROF treatment (2) the SCI group, for which the 
team induced SCI but which received no ROF treatment, and 

Table 1. Primer Sequences of Quantitative Reverse 
Transcription-Polymerase Chain Reaction

Oligo Name Sequence (5’ --------> 3’)
NF-κB Forward AGAGGGGATTTCGATTCCGC

Reverse CCTGTGGGTAGGATTTCTTGTTC
COX-2 Forward TGCACTATGGTTACAAAAGCTGG

Reverse TCAGGAAGCTCCTTATTTCCCTT
iNOS Forward GTTCTCAGCCCAACAATACAAGA

Reverse GTGGACGGGTCGATGTCAC
GAPDH Forward AGGTCGGTGTGAACGGATTTG

Reverse TGTAGACCATGTAGTTGAGGTCA

Abbreviations: COX-2, cyclooxygenase-2; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; iNOS, inducible 
nitric oxide synthase; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells
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Tissue loss and functional recovery. The research team 
investigated the role of ROF in neural-structure protection 
and locomotor-function recovery, using IF staining to verify 
the number of neurofilaments at 28 dpi. In addition, the 
team: (1) assessed the ROF treatment’s benefits for tissue 
protection using HE staining and (2) evaluated the locomotor-
function recovery at 1, 3, 7, 14, 21, and 28 dpi, using the BMS.

Statistical Analysis
The research team collected and analyzed the data using 

Statistical Product and Service Solutions (SPSS) 21.0 software 
(IBM, Armonk, NY, USA). The team (1) expressed 
measurement data as means ± standard deviations (SDs) and 
compared differences between two groups using the Student’s 
t test and among more than two groups using an analysis of 
variance (ANOVA). P < .05 indicated statistical significance.

RESULTS
LPS-induced Microglial Activation

No significant difference existed in cell viability between 
any dose of ROF and the control group (Figure 1A). The 
research team selected the optimum concentration, 20 μM of 
ROF, to investigate its effects against iNOS, COX-2, and NF-κB.

After the LPS treatment, the RNA levels of iNOS, COX-
2, and NF-κB in the LPS and LPS+ROF groups were 
significantly higher than those of the control group, but the 
LPS+ROF group’s levels were significantly lower than those 
of the  LPS group (Figures 1B-1D). 

Moreover, the IF staining showed that CD86-positive 
microglia increased in the LPS group. However, the ROF 
significantly inhibited the number of CD86- positive activated 
microglia after LPS stimuli (Figure 1E), indicating that ROF 
can significantly alleviate inflammatory microglia activation 
following LPS employment.

Cell Inflammation
Western blotting showed that the expressions of p-AMPK 

and NLRP3 in the LPS and LPS+ROF groups were 
significantly higher than those of the control group. However, 
the LPS+ROF group’s p-AMPK level was significantly higher 
and its NLRP3 level was significantly lower than those of the 
LPS group (Figure 2A-2C). 

Moreover, IF staining for caspase-1 and IL-1β showed 
that the ROF treatment in activated microglia could reduce 
the expressions of caspase-1 and IL-1β, which were highly 
expressed after NLRP3 accumulation (Figure 2D). This 
indicates that ROF administration could reverse an LPS-
induced inflammatory response in BV2 microglia. 

The ELISA showed that the expressions of TNF-α and 
IL-6 in the LPS and LPS+ROF groups were significantly 
higher than those of the control group. However, the 
LPS+ROF group’s levels of TNF-α and IL-6 in inflammatory-
activated microglia were significantly lower than those of the 
LPS group (Figure 2E and 2F). The results demonstrate that 
ROF can mitigate inflammation using activation of AMPK 
and reduction of the NLRP3/ caspase-1/ IL-1β axis.

to the manufacturer’s protocols; (2) quantified the data using 
the BCA assay kit; (3) determined equivalent protein by 
carrying out 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) for approximately 90 min; and 
(4) continued the transfer and immuno-blocking. 

The team subsequently incubated the primary and 
secondary antibodies. The antibodies in the Western blot 
were: p-AMPK at 1:1000, AMPK at 1:1000, NLRP3 at 1:1000, 
caspase-1 at 1:1000, GAPDH at 1:2000, and HRP at 1:2000. 
The team used the ECL system to show the protein.

ELISA. The research team measured proinflammatory 
cytokines using ELISA. Briefly, the team: (1) added the 
samples into 96-well plates; (2) incubated the ELISA reactive 
reagents with samples in sequence, according to the 
manufacturer’s instructions; and (3) after adding the TMB 
solution and treating the samples for 20 min in the dark, 
terminated the reaction and detected the cytokines at 450 nm 
using a microplate reader.

Basso Mouse Scale (BMS).31 Mice in each group were 
allowed free movement in an open field for 4 min on days 1, 3, 
7, 14, 21, and 28 days after the SCI induction (dpi). Two 
researchers, who were blinded to the group allocation, assessed 
the motor function of the experimental mice using the BMS 
scoring system. The assessors were trained prior to the scoring 
to ensure their proficiency in using the BMS scoring criteria. 
The team then collected the data using Microsoft Excel 
(Microsoft, Redmond, WA, USA) and statistically analyzed it. 

Outcome measures. The research team evaluated:  
(1) the cell viability of the BV2 microglia cells after five doses 
of ROF and the RNA levels of inflammatory-activation-
related factors, the inflammatory pathway; (2) in-vitro 
inhibition of inflammation in LPS-activated microglia;  
(3) the anti-neuroinflammatory role of ROF after SCI 
induction in vitro; and (4) the role of ROF in neural-structure 
protection and locomotor-function recovery in vitro.
	
Outcome Measures

LPS-induced microglial activation. The research team 
investigated whether ROF can affect the cell viability of the BV2 
microglia cells. The team examined the cell viability for the five 
doses of ROF, 5 μM to 100 μM, using the CCK8 assay. The team 
also measured the RNA levels of inflammatory, activation-
related factors, including inducible nitric oxide synthase (iNOS), 
cyclooxygenase-2 (COX-2), and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB), using RT-PCR.

Inflammation. A previous study has shown that ROF 
exerts neuroprotective effects by activating AMPK .29 The 
research team therefore explored whether ROF can inhibit 
inflammation in LPS-activated microglia using regulation of 
AMPK and downstream NLRP3.

Neuroinflammation after SCI induction. In vivo, the 
research team further evaluated the anti-neuroinflammatory 
role of ROF after SCI induction by extracted fresh spinal 
cords at 3  dpi for RNA detection. The team also measured: 
(1) the levels of NLRP3 and caspase-1 using IF staining and 
(2) pro-inflammatory cytokines using ELISA.
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Neuroinflammation After SCI Induction 
The RT-PCR showed that the RNA expressions of iNOS, 

COX-2, and NF-κB were significantly higher in the SCI and 
SCI+ROF groups at the injured sites after SCI induction than 
those of the sham group. However, the SCI+ROF group’s 
levels were significantly lower than those of the SCI group 
(Figure 3A-3C). 

The IF staining showed that the levels of NLRP3 and 
caspase-1 significantly increased expression of NLRP3 and 
caspase-1 after SCI induction. However, mice treated with 
ROF showed a decrease in NLRP3 and caspase-1 at the injury 
sites at 3 dpi compared with the SCI group (Figure 3D).

Moreover, the levels of TNF-α, IL-1β. and IL-6 for the 
SCI and SCI+ROF groups at the injury sites at 3 dpi were 
significantly higher than those of the sham group, SCI+ROF 

aP < .05, indicating that the LPs group’s and the LPS+ROF 
group’s iNOS, COX-2, and NF-κB levels were significantly 
higher than those of the control group
bP < .05, indicating that the LPS+ROF group’s iNOS, COX-2, 
and NF-κB levels were significantly lower than those of the 
LPS group

Abbreviations: CD86, cluster of differentiation 86; COX-2, 
cyclooxygenase-2; IBA-1, ionized calcium-binding adapter 
molecule 1; iNOS, inducible nitric oxide synthase; LPS, 
lipopolysaccharide; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells; ROF, Roflupram.

Figure 1. ROF’s Attenuation of LPS-induced Microglial 
Activation in the Control, LPS, and LPS+ROF Groups. Figure 
1A shows the representative cell viability of BV2 microglia 
when treated with 5 μM to 100 μM of ROF. Figures 1B-1D 
show the representative RNA expressions of iNOS, COX-2, 
and NF-κB. Figure 1E shows the representative IF staining of 
IBA-1 (Green) and CD86 (Red), with a 400X magnification.

Figure 2. ROF’s Mitigation of Inflammation in the Control, 
LPS, and LPS+ROF Groups Through Activation of the 
AMPK/ NLRP3/Caspase-1 Axis in Microglia. Figure 2A 
shows the representative Western blotting of p-AMPK, 
AMPK, and NLRP3. Figures 2B and 2C show the quantitation 
of p-AMPK/AMPK and NLRP3. Figure 2D shows the 
representative IF staining of caspase-1 (Green) and IL-1β 
(Red), with a 400X magnification. Figures 2 E and 2F show 
the representative ELISA of TNF-α and IL-6. 

aP < .05, indicating that the LPs group’s and the LPS+ROF 
group’s pAMPK, NLRP3, TNF-α, and IL-6 levels were 
significantly higher than those of the control group
bP < .05, indicating that the LPS+ROF group’s pAMPK level 
was significantly higher and it levels of NLRP3, TNF-α, and 
IL-6 levels were significantly lower than those of the LPS 
group 

Abbreviations: AMPK, adenosine monophosphate (AMP)-
activated protein kinase; ELISA, enzyme-linked 
immunosorbent assay; IF, immunofluorescence; IL-1β, 
interleukin-1 beta; IL-6, interleukin-6; LPS, 
lipopolysaccharide; NLRP3, nucleotide-binding domain, 
leucine-rich–containing family, pyrin domain–containing-3; 
ROF, Roflupram; TNF-α, tumor necrosis factor alpha.
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group’s levels in the injured spinal cords were significantly 
lower than those of the SCI group (Figure 3E-3G). These 
results indicate that treatment with ROF can reduce 
neuroinflammation using inhibition of the NLRP3/ caspase-1 
axis after SCI.

Tissue Loss and Functional Recovery
At 28 dpi, the SCI+ROF group had more NF200-positive 

neurofilaments at injured sites compared with the SCI group 
(Figure 4A). The SCI+ROF had a much lower level of tissue 
incompleteness at 28 dpi compared with the SCI group 
(Figure 4B). The SCI+ROF group’s mean BMS scores for 
locomotor function beginning at 14 dpi were significantly 
higher than those of the SCI group (Figure 4C). Therefore, 
the results suggest that ROF use can ameliorate neural-tissue 
loss and improve locomotor-function recovery after SCI.

DISCUSSION
The current study found that ROF treatment can inhibit 

neuroinflammation and protect neural tissue after SCI 
induction by specifically inhibiting the NLRP3/caspase-1/
IL-1β axis. Therefore, ROF is a promising reagent to attenuate 
neuroinflammation following trauma.

One of the current study’s major findings is that ROF, as 
a selective PDE4 inhibitor, can reduce microglia-induced 
neuroinflammation using regulation of the AMPK/ NLRP3 
axis. Additionally, the study found that administration of 

Figure 3. ROF’s Reduction of Neuroinflammation in the 
Sham, SCI and SCI+ROF Groups After SCI. Figures 3A-3C 
show the representative RNA levels of iNOS, COX-2, and 
NF-κB at 3 dpi. Figure 3D shows the representative IF 
staining of NLRP3 (Green) and caspase-1 (Red) at 3 dpi, with 
a 400× magnification. Figures 3E-3G show the representative 
ELISA of TNF-α, IL-1β and IL-6 at 3 dpi. 

aP < .05, indicating that the SCI group’s and the SCI+ROF 
group’s iNOS, COX-2, NF-κB, TNF-α, IL-1β, and IL-6 levels 
were significantly higher than those of the sham group
bP < .05, indicating that the SCI+ROF group’s iNOS, COX-2, 
NF-κB, TNF-α, IL-1β, and IL-6 levels were significantly 
lower than those of the SCI group

Abbreviations: dpi, days post SCI induction; COX-2, 
cyclooxygenase-2; ELISA, enzyme-linked immunosorbent 
assay; IL-1β, interleukin-1 beta; IL-6, interleukin-6; iNOS, 
inducible nitric oxide synthase; NF-κB, nuclear factor kappa-
light-chain-enhancer of activated B cells; NLRP3, nucleotide-
binding domain, leucine-rich–containing family, pyrin 
domain–containing-3; ROF, Roflupram; SCI, spinal cord 
injury; TNF-α, tumor necrosis factor alpha.

Figure 4. ROF’s Protection Against Tissue Loss and 
Promotion of Functional Recovery in the Sham, SCI, and 
SCI+ROF groups. Figure 4A shows the representative IF 
staining of NF200 at 28 dpi, with 100× magnification. Figure 
4B shows the representative HE staining at 28 dpi, with a 
200X magnification. Figure 4C shows the representative 
BMS scores at 1, 3, 7, 14, 21, and 28 dpi. 

aP < .05, indicating that the SCI+ROF group’s BMS scores 
were significantly higher than those of the SCI group at days 
14, 21, and 28

Abbreviations: BMS, Basso Mouse Scale; HE, hematoxylin 
and eosin; IF, immunofluorescence; ROF, Roflupram; SCI, 
spinal cord injury.
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in this study, we did not use an AMPK-specific inhibitor to 
reverse the effect of ROF, further confirming the specific 
mechanism by which ROF inhibits inflammasome activation. 
Indispensably, ROF was also found to induce autophagy in 
neurologic disorders. ROF exerts need to devote more 
research to autophagy regulation in the future.

CONCLUSIONS
The current study demonstrated that ROF can reduce 

the levels of inflammation in the tissue after spinal cord 
injury by modulating the AMPK/NLRP3 signaling pathway, 
thereby promoting the recovery of motor function in mice. 
Therefore, ROF is a promising drug for prevention of neural-
tissue damage following neural injury.
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