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Inhibitory effects of spermidine on lipopolysaccharide-induced
inflammation in RAW 264.7 cells
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Abstract. Spermidine (SPD) is a naturally occurring poly-
amine with anti-inflammatory and antioxidant properties.
Given the pivotal role of macrophages in inflammatory
pathogenesis (such as rheumatoid arthritis and autoimmune
encephalomyelitis), the present study hypothesized that
SPD exerts its anti-inflammatory effects by suppressing
macrophage polarization. Briefly, RAW 264.7 cells were
activated using lipopolysaccharide (LPS) and were treated
with a vehicle control (complete DMEM) or varying SPD
concentrations. The ratio of M1 and M2 macrophages in each
group was determined using flow cytometry. Inflammatory
gene expression and cytokine levels were determined
using reverse transcription quantitative PCR and ELISA.
The levels of NF-«kB pathway-associated proteins were
measured through western blotting. The findings revealed
that the proportion of M1 cells gradually decreased with
increasing SPD concentrations. In LPS-stimulated RAW
264.7 cells, SPD markedly decreased the expression of M1
marker genes and notably increased that of M2 marker genes.
Furthermore, SPD decreased IL-6 levels and increased IL-10
levels. In addition, the levels of phosphorylated (p)-p65 and
p-IkBa, which are NF-«B pathway-associated proteins, were
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markedly decreased after 24 h of SPD treatment. Overall,
SPD treatment inhibited LPS-induced M1 polarization,
reduced pro-inflammatory gene/cytokine expression and
enhanced anti-inflammatory markers, potentially through
NF-«B pathway modulation.

Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune inflam-
matory disorder with an incidence rate of up to 1% globally
among population, which results in irreversible cartilage and
bone damage if left untreated (1). The efficacy of conventional
anti-RA medications (such as non-steroidal anti-inflammatory
drugs) is restricted and some specific drugs (such as metho-
trexate and sulfasalazine) have been associated with adverse
effects, such as nausea, alopecia, stomatitis and hepato-
toxicity (2). Although numerous studies have explored the
pathogenesis of RA, research focusing on the specific role of
macrophages in this process remains limited. Notably, macro-
phages have been implicated in the autoimmune inflammatory
response of RA (3-5). Furthermore, an important pathological
characteristic of RA is the accumulation and activation of
monocytes/macrophages within the synovial tissue (6,7).

Activated macrophages are classified into two types,
namely classically activated M1 macrophages and alterna-
tively activated M2 macrophages (8,9). M1 macrophages are
capable of directly phagocytosing cancer cells and are induced
by TNF and IFN-vy (10). By contrast, M2 macrophages are
induced by steroids, IL-4 and IL-10 released by type 2 helper
T cells (11), and secrete anti-inflammatory factors, diminish
pro-inflammatory factors and augment scavenger receptor
levels (12).

Spermidine (SPD) is a polyamine synthesized from
putrescine, which is indispensable for DNA synthesis and cell
proliferation (13,14). In addition to its anti-inflammatory and
antioxidant capabilities SPD has a key role in cell autophagy
and transcription (15-17), as well as in suppressing the secre-
tion of pro-inflammatory cytokines and related chemokines
(such as CCL3 and CXCLS) (18,19). SPD has also been shown
to impede the NF-kB pathway in macrophages within an auto-
immune encephalomyelitis mouse model (19).
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Paoletti et al (6) indicated that the number of M1 macro-
phages is elevated in the synovium of patients with RA. In
addition, macrophages tend to polarize towards the M1 pheno-
type, augment the release of pro-inflammatory factors and
promote synovitis in mice with collagen-induced arthritis (20).
These findings suggest that M1 macrophages are predominant
in the synovium of patients with RA. Therefore, based on
the documented anti-inflammatory and antioxidant proper-
ties of SPD, and its reported role in suppressing macrophage
pro-inflammatory cytokine secretion and regulating the NF-kB
pathway in an autoimmune encephalomyelitis mouse model,
SPD may alleviate RA symptoms by modulating macrophage
polarization and cytokine release; however, the underlying
mechanisms of this remain to be elucidated. Accordingly,
the present study hypothesized that SPD may function by
regulating activation of the NF-xB pathway. Suitably, RAW
264.7 cells were stimulated with lipopolysaccharide (LPS)
to establish a relevant inflammatory cell model, and were
subsequently treated with varying SPD concentrations. The
cytokine levels (TNF-a, IL-1f and IL-6), mRNA expression
levels (iNOS for M1 phenotype and Arg-1 for M2 phenotype)
and phosphorylation levels of NF-kB-associated proteins in
RAW 264.7 macrophages from different groups were then
determined to evaluate the impact of SPD on LPS-induced
inflammation and the associated underlying mechanisms. The
findings of the present study may offer an experimental basis
for exploring SPD as a potential natural anti-inflammatory
agent against RA; however, further in vivo and clinical studies
are still required.

Materials and methods

Cell culture. RAW 264.7 cells were obtained from the Institute
for Advanced Study of Central South University (Changsha,
China). DMEM (Shanghai BasalMedia Technologies Co.,
Ltd.) supplemented with 10% FBS (Shanghai BasalMedia
Technologies Co., Ltd.), 100 U/ml penicillin and 25 pg/ml
amphotericin B (Hyclone™; Cytiva) was used as the cell culture
medium, with incubation conditions set at 37°C and 5%
CO, (21).

Cell cytotoxicity assay. Cytotoxicity assays were performed
using the Cell Counting Kit-8 (CCK-8) according to the
manufacturer's instructions (NCM Biotech Co., Ltd.). Briefly,
RAW 264.7 cells were seeded into 96-well plates at a density
of 1.0x10* cells/well for 24 h, followed by treatment with
varying concentrations (0, 100, 200, 400, 800 or 1,600 xM)
of SPD (=99% gas chromatography grade; MilliporeSigma)
for additional durations of 6, 12, 24 and 48 h at 37°C in a 5%
CO, incubator. Subsequently, for the cytotoxicity assay, 10 pul
CCK-8 solution was added to each well and incubated for
1 h. Finally, the absorbance was measured at a wavelength of
450 nm and cell viability was calculated based on the measured
optical density values.

Flow cytometry. RAW 264.7 cells were inoculated into a
6-well plate at a density of 4x10° cells/well and cultured
for 24 h until they adhered to the well walls. Pretreatment
with varying concentrations (100, 200, 400 or 800) of SPD
or vehicle control (complete DMEM) for 1 h was followed

by stimulation with 1 pg/ml LPS 24 h at 37°C in a 5% CO,
incubator, and this cell treatment protocol was applied
uniformly prior to all subsequent experiments in this study.
Prior to antibody staining, cells were stained with Zombie
NIR™ Fixable Viability Kit (1:1,000; cat. no. 423105;
BioLegend) for 15 min at room temperature in the dark
to distinguish live/dead cells. Subsequently, the cells were
gently harvested, washed twice with PBS and stained with
CD86-phycoerythrin (1:100; clone GL-1; cat. no. 553692;
BD Biosciences) and CD206-BUV395 (1:100; clone
Y17-505; cat. no. 568817; BD Biosciences) for 30 min at 4°C
in the dark. Fluorescence intensity was assessed using the
BD FACSCanto™ II flow cytometer (BD Biosciences), and
the collected data were analyzed using BD FACSDiva™
software (Version 8.0; BD Biosciences).

Gating hierarchy was as follows: i) Forward scatter
(FSC)/side scatter gating to exclude debris; ii) singlet gating
(FSC-area vs. FSC-height); iii) live cell gating (Zombie
NIR™ -negative); and iv) CD86/CD206 double staining gating.
Compensation was performed using single-stained controls
and fluorescence minus one control and isotype-matched anti-
bodies (PE Rat IgG2a; 1:100; cat. no. 553930; and BUV395
Rat IgG2a; 1:100; cat. no. 563556; both BD Biosciences) were
used to set the gating thresholds.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from the cells using the Cell Total RNA
Extraction Kit (cat. no. G3694; Wuhan Servicebio Technology
Co., Ltd.) according to the manufacturer's instructions. The
concentration of total RNA was quantified using a NanoDrop
spectrophotometer (NanoDrop; Thermo Fisher Scientific, Inc.),
whereas cDNA was synthesized using the PrimeScript™ RT
kit (Takara Bio, Inc.). Gene-specific primers were synthesized
by Sangon Biotech (Shanghai) Co., Ltd. and qPCR was carried
out using the TB Green® Premix Ex Tag™ II kit as per the
manufacturer's instructions (Wuhan Servicebio Technology
Co., Ltd.). The primer sequences are listed in Table I. RNA
amplification reactions were performed using the StepOnePlus
Real-Time PCR System (Thermo Fisher Scientific, Inc.) with
an initial denaturation step at 95°C for 30 sec, followed by
40 cycles of amplification (denaturation at 95°C for 5 sec and
annealing at 60°C for 34 sec), and finally, a dissociation curve
was generated. After amplification, the data were analyzed
using the 2224 method (22) with the mouse Gapdh gene as
the reference (23).

ELISA. The cells were resuspended in complete DMEM,
seeded into 6-well plates and incubated for 24 h. Aftera 1 h
pretreatment with SPD, LPS was added to the co-culture
system. Cytokine levels in the cell supernatants were
quantified using a ELISA kits (Mouse IL-6 ELISA kit, cat.
no. EMC004.96; Mouse IL-10 ELISA kit, cat. no. EMC005.96;
both Neobioscience Technology Co., Ltd.) according to the
manufacturer's instructions.

Western blotting. The cells were seeded into 6-well plates and
incubated for 24 h. Subsequently, the cells were pretreated with
SPD for 1 h and then stimulated with LPS for another 24 h.
Immediately after stimulation, total proteins were extracted on
ice using RIPA Lysis Buffer (Wuhan Servicebio Technology
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Table I. Primer sequences.

Primer

name Sequence (5'-3")

Gapdh Forward: TCAACGGCACAGTCAAGG
Reverse: ACTCCACGACATACTCAGC

Tnf Forward: TACTGAACTTCGGGGTGATCGGTC

Reverse: CAGCCTTGTCCCTTGAAGAGAACC
16 Forward: CTCCCAACAGACCTGTCTATAC
Reverse: CCATTGCACAACTCTTTTCTCA

111b Forward: CACTACAGGCTCCGAGATGAAC
AAC
Reverse: TGTCGTTGCTTGGTTCTCCTTGTAC
Nos2 Forward: CACCTTGGAGTTCACCCAGT
Reverse: ACCACTCGTACTTGGGATGC
Argl Forward: CATATCTGCCAAAGACATCGTG
Reverse: GACATCAAAGCTCAGGTGAATC
1110 Forward: CACAAAGCAGCCTTGCAGAA

Reverse: AGAGCAGGCAGCATAGCAGTG

Nos2, nitric oxide synthase; Argl, arginase 1.

Co., Ltd.). The protein concentration was determined using a
BCA assay (BCA Protein Assay Kit; cat. no. PO012; Beyotime
Biotechnology). Equal amounts of protein (20 ug per lane)
were separated by 12% SDS-PAGE (cat. no. BL522A; Labgic
Technology Co., Ltd.) and transferred onto PVDF membranes
(cat.no.IPVH10100,Merckmillipore Co.,Ltd.). The membranes
were blocked with 5% skimmed milk in Tris-Buffered Saline
with Tween-20 (TBST; cat. no. GO004-1L; Wuhan Servicebio
Technology Co., Ltd.) for 1 h at room temperature. The
membranes were then incubated with the following primary
antibodies overnight at 4°C: p65 (1:1,000; cat. no. 8242; Cell
Signaling Technology, Inc.), phosphorylated (p)-p65 (1:1,000;
cat. no. 3033; Cell Signaling Technology, Inc.), IkBa (1:1,000;
cat.no.4814; Cell Signaling Technology, Inc.), p-IkBa (1:1,000;
cat. no. 2859; Cell Signaling Technology, Inc.) and B-tubulin
(1:1,000; cat. no. 10094-1-AP; Proteintech Group, Inc.). After
washing with TBST, the membranes were incubated with
the corresponding HRP-linked secondary antibodies for 1 h
at room temperature, namely anti-rabbit IgG (1:5,000; cat.
no. 7074; Cell Signaling Technology, Inc.) and anti-mouse
IgG (1:5,000; cat. no. 7076; Cell Signaling Technology, Inc.).
The protein bands were visualized using a super-sensitive
ECL chemiluminescent substrate (cat. no. BL5S965A; Labgic
Technology Co., Ltd.) and detected with a chemilumines-
cence imaging system (ChemiDoc Imaging System, Bio-Rad
Laboratories, Inc.). The gray values of the target bands were
semi-quantified using ImageJ software version 1.53 (National
Institutes of Health) to determine the relative protein expres-
sion levels and B-tubulin was used as an internal control.

Statistical analysis. Statistical analysis and data presentation
were performed using SPSS 26.0 (IBM Corp.) and GraphPad
Prism 8.0 (Dotmatics) software. Differences among multiple
groups were evaluated using one-way ANOVA, followed by
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Tukey's multiple comparison test for pairwise comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Cytotoxic effects of SPD on RAW 264.7 cells. To evaluate
whether SPD treatment induced cytotoxicity, cells were
incubated with different concentrations of SPD for 6, 12,
24 and 48 h. As shown in Fig. 1, treatment with 100 and
200 M SPD for 6 h significantly enhanced RAW 264.7 cell
viability (P<0.05). After 12 h of treatment, only 100 uM SPD
significantly increased cell viability (P<0.001). After 24 h of
0-800 M SPD treatment, RAW 264.7 macrophage viability
increased significantly (P<0.001), however the difference in
cell viability between different concentration subgroups (200,
400, 600 and 800 M) was not significant (P>0.05). Treatment
with 1,600 kM SPD induced cytotoxicity compared with that
of the control group (DMEM) (P<0.001). After 48 h of treat-
ment, none of the SPD concentrations improved cell viability.
Therefore, SPD concentrations of 0-800 M and a 24 h treat-
ment duration were chosen for subsequent experimentation.

Effect of SPD on LPS-induced polarization of RAW 264.7
cells. M1-type macrophages express high levels of CD86,
whereas M2-type macrophages express CD206 (24). The
proportions of M1 and M2 cells after LPS-induced polarization
of RAW 264.7 cells were ascertained using flow cytometry.
CD86°CD206" represents MO macrophages, CD86*CD206"
represents M1 macrophages and CD86"CD206* represents
M2 macrophages. The findings revealed that SPD treatment
diminished macrophage CD86 molecule levels and shifted
macrophage polarization from a pro-inflammatory M1
phenotype towards an anti-inflammatory M2 phenotype after
24 h; this effect was most notable in response to 800 uM
SPD (Fig. 2A-E). The results revealed that LPS stimulation
significantly increased the percentage of M1 macrophages and
decreased the percentage of MO or M2 macrophages compared
with the control. Co-treatment with SPD dose-dependently
reversed this effect. Specifically, increasing SPD concentra-
tions (200, 400 and 800 M) gradually decreased the M1
percentage while concurrently increasing the M2 percentage.
The percentage of MO macrophages remained largely
unchanged across SPD groups. These data indicate that SPD
can redirect LPS-induced M1 polarization toward an M2
phenotype in a dose-dependent manner (P<0.05; Fig. 2F-H).

Effect of SPD on LPS-activated mRNA expression of inflam-
matory factors in RAW 264.7 cells. RT-qPCR was performed
to assess the ability of LPS to suppress the expression of
inflammatory cytokines. LPS significantly elevated the
mRNA expression levels of Tnfa, 116, I11b and nitric oxide
synthase (Nos2) compared with those in the control group
(Fig. 3A-D). The mRNA levels of Tnfa, 116, I11b and Nos2
then gradually diminished with increasing SPD concentra-
tions, thereby suggesting a significant dose-dependent effect
(P<0.01). Relative to those in the control group, LPS signifi-
cantly elevated the mRNA expression levels of arginase 1
(Argl) and 1110. Compared with those in the LPS group, the
mRNA expression levels of arginase 1 (Arg/) and 1110 were
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Figure 1. Impact of different concentrations and treatment durations of SPD on the viability of RAW 264.7 cells (n=3; mean + SD; one-way ANOVA with
Tukey's post-hoc test). ““P<0.001, “P<0.01 and "P<0.05 vs. control group. SPD, spermidine.

significantly increased in the 200 and 400 yM SPD groups
(P<0.01), and peaked after treatment with 800 yM SPD
(Fig. 3E and F). Furthermore, SPD treatment reduced the
mRNA expression levels of Tnfa, 116, 111 and Nos2 at all
tested SPD concentrations. These results implied that SPD
inhibited autoinflammation.

Effect of SPD on inflammatory factor levels in RAW 264.7
cells. A major function of M1-polarized macrophages is the
production of pro-inflammatory cytokines. Initially, IL-6
secreted by RAW 264.7 cells into the conditioned medium
was examined using ELISA. LPS notably stimulated IL-6
secretion by macrophages compared with that in the control
group (Fig. 4A). This suggested that RAW 264.7 cells were
activated by LPS stimulation, thereby inducing an inflam-
matory response. In addition, SPD markedly reduced IL-6
production in a dose-dependent manner compared with that
in the LPS group. LPS stimulation led to an elevation in IL-10
levels compared with those in the control group. IL-10 was not
significantly induced at the lower SPD concentration (200 M)
but was significantly enhanced compared with that in the LPS
group at higher concentrations (400 and 800 uM) (Fig. 4B).
These results indicated that SPD may promote anti-inflam-
matory effects by both inhibiting IL-6 and inducing IL-10
secretion.

Influence of SPD on LPS-induced phosphorylation of p65
and IxkBa in macrophages. NF-xB is a key target pathway
activated by inflammation (25). Therefore, NF-xB activa-
tion was investigated through western blotting to determine
whether SPD inhibited its activation (Fig. SA). The levels of
the NF-xB pathway-associated proteins p65, p-p65, IkBa and
p-IkBa were analyzed after 24 h of treatment with LPS and
SPD. The expression levels of p-p65 and p-IkBa were signifi-
cantly increased in macrophages after 24 h of LPS stimulation

compared with that in the control group (Fig. 5B and C).
Notably,in cultured RAW 264.7 cells, three SPD concentrations
(200, 400 and 800 M) inhibited the LPS-induced increase in
p-p65 and p-IkBa protein expression after 24 h of incubation
in a dose-dependent manner. Treatment with all tested SPD
concentrations for 24 h markedly inhibited the activation of
both p-p65 and p-IkBa proteins. These results suggested that
the mechanism underlying the anti-inflammatory effect of
SPD may involve inhibition of NF-«kB activation, which in turn
inhibits the expression of inflammatory genes.

Discussion

Within the present study, SPD treatment was demonstrated to
impede the shift of RAW 264.7 cells towards the M1 phenotype
upon LPS stimulation. This was evidenced by the downregula-
tion of the M1 phenotype marker CD86 and upregulation of
the M2 phenotype marker CD206, along with the modulation
of relevant cytokine production. Compared with previous
studies on the anti-inflammatory effects of SPD (18-20), the
present study systematically provided dose-response data
regarding the effects of SPD (0-800 M) on macrophage
polarization, combining transcriptional (RT-qPCR) and secre-
tory (ELISA) analyses to demonstrate the regulatory effect of
SPD on pro-inflammatory and anti-inflammatory factors. The
findings of the present study further provide a mechanistic
understanding of the anti-inflammatory properties of SPD.
Alongside the reduction in the M1 phenotype-specific surface
marker, SPD reduced M1 phenotype cytokine secretion, as
determined by measuring the downregulation of Tnfa, 116
and /11b gene expression. All of these genes are implicated in
RA (26).

RAisanautoimmune inflammatory disease thatis primarily
characterized by bilateral symmetrical joint damage and
synovial inflammation (24,27). During chronic inflammation,
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Figure 3. Effect of SPD on LPS-induced inflammatory gene expression in RAW 264.7 cells. Expression levels of (A) Tnfa, (B) 116, (C) 111b, (D) Nos2, (E) Argl
and (F) 1110 (n=3; mean = SD; one-way ANOVA with Tukey's post-hoc test). “"P<0.001 and P<0.01 vs. control group; ““P<0.001 and “P<0.01 vs. LPS group.
LPS, lipopolysaccharide; SPD, spermidine; Nos2, nitric oxide synthase; Argl, arginase-1.

numerous types of immune cells contribute to the develop-  macrophages is associated with their hyperactivation (5,28).
ment and progression of synovitis, among which macrophages  They subsequently secrete TNF-a, IL-6, and IL-1f, and
are important. The enhanced pro-inflammatory capacity of  drive inflammation by engaging other immune cells, thereby
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columns. LPS, lipopolysaccharide; SPD, spermidine.

activating fibroblasts and promoting T-cell polarization (5).
Activated macrophages include M1 and M2 phenotypes, with
M1 macrophages being the primary type present in patients
with RA (29). Previous studies have highlighted the key patho-
genic effect of M1-type macrophages in RA (6,20). Specifically,
an imbalance between M1 and M2 macrophages is one of the
principal drivers of synovial inflammation progression in
RA (29). Therefore, macrophages are considered potentially
novel therapeutic targets for RA (30). This potential has
also been demonstrated by altered macrophage numbers and
inflammatory product levels in the synovial membrane of
patients with RA (20). Following macrophage activation by
LPS, a number of signaling pathways are activated, including
the NF-kB pathway (31). In addition, macrophage activation
is tightly controlled by specific signaling pathways such as
NF-xB to maintain immune homeostasis (32).

LPS-induced inflammatory RAW 264.7 cell models have
been utilized to screen anti-inflammatory drugs in vitro (33).
Notably, LPS upregulates CD86, a specific marker of M1-type
macrophages (34). Consistent with these findings, in the
present study, the increase in CD86 protein levels following
LPS activation demonstrated its ability to induce the M1
phenotype in RAW 264.7 cells.

SPD, a trivalent cationic polyamine compound present
in eukaryotic cells, particularly sperm (18), interacts with
nucleic acids, proteins, ATP and other polyanions to regulate
autophagy and apoptosis, foster lipid metabolism, enhance
anti-inflammatory and antioxidant activities, and augment
mitochondrial metabolism and respiration (17). Furthermore,
SPD reduces inflammation-induced damage in the body by
suppressing the production of inflammatory cytokines (35).

SPD treatment reduces joint swelling and synovitis in
mice with collagen-induced arthritis (20). In the present study,
flow cytometry revealed that LPS facilitated the conversion
of RAW 264.7 cells into M1-type macrophages, whereas SPD
treatment suppressed this effect and promoted the conversion

of RAW 264.7 cells into M2-type macrophages. Thus, SPD
may exert its anti-inflammatory effects by suppressing the
LPS-driven transition of RAW 264.7 cells to the M1 pheno-
type. However, a limitation of the present study was the lack
of SPD-only control groups, which prevented the exclusion of
potential direct effects of SPD on macrophage polarization or
NF-«B signaling in resting cells. Future studies should aim to
include these controls to further clarify the basal regulatory
effects of SPD.

Macrophages are the primary TNF-a- and IL-6-secreting
cells in the joints of patients with RA. TNF-a and IL-6 are
central components of the RA synovial cytokine network,
stimulating osteoclast synthesis, causing bone and cartilage
degradation and damage, and inducing the release of other
pro-inflammatory mediators, leading to exacerbation of the
inflammatory response (36). The degree of release of inflam-
matory factors is an important indicator of the severity of
inflammation. In the present study, LPS stimulated RAW
264.7 cells, which increased the mRNA levels of Tnf, 116, Il1b
and Nos2, and enhanced IL-6 production, similar to the find-
ings of Jeong et al (19) and Huang et al (37). By contrast, SPD
markedly diminished IL-6 production in RAW 264.7 cells
by downregulating /6 expression at the mRNA level without
inducing cytotoxicity. This was consistent with previous find-
ings in mice with collagen-induced arthritis (20). In addition,
SPD increased the levels of M2 macrophage-related factors
(Argl and I1110) and promoted the secretion of IL-10, with
the most notable effect at 800 xM. This suggests that SPD
may attenuate the LPS-induced inflammatory response in
macrophages by inhibiting the secretion of pro-inflammatory
factors and promoting the secretion of the anti-inflammatory
cytokine. The present study only detected 7nf and 1//b mRNA
levels and their secretion levels remain unclear. Differences
between transcriptional and secretory levels may exist and
future studies should aim to supplement ELISA to further
demonstrate these results.
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Figure 5. Effect of SPD on LPS-induced expression of NF-«B signaling pathway proteins in RAW 264.7 cells. (A) Representative western blotting images, and
relative expression levels of (B) p-p65/p65 and (C) p-IkBa/IxkBo. (n=3; mean + SD; one-way ANOVA with Tukey's post-hoc test). #*P<0.001 vs. control group;
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In unstimulated cells, the NF-kB dimer and IkB protein
associate tightly to form a complex that resides in the cyto-
plasm of inactive cells. When cells are stimulated by LPS,
the IxB protein is phosphorylated and the NF-kB dimer is
no longer inhibited. NF-xB enters the nucleus under the
guidance of the nuclear localization sequence, where it
interacts with specific DNA sequences and participates in
the control of gene transcription, thereby encoding multiple
functions, such as inflammation, cell survival and cell
division (38,39). In the present study, LPS-activated phos-
phorylation of p65 and IxBa was elevated in RAW 264.7
macrophages. SPD decreased LPS-activated phosphoryla-
tion of p65 and IxkBa without altering total p65 and IkBa
protein levels. Overall, SPD mediated the NF-«B pathway
by preventing the phosphorylation of IkB-a. The present
results also suggest that deactivation of the NF-xB pathway
by SPD may downregulate pro-inflammatory gene expres-
sion. NF-«xB activation occurs rapidly (within minutes to
hours) and the single time-point measurement at 24 h in
the present study may neglect the early dynamic changes
of the pathway. The 24 h time-point was chosen to align

P<0.001 vs. LPS group. LPS, lipopolysaccharide; SPD, spermidine; p-, phosphorylated.

with the detection of macrophage polarization and cytokine
secretion, which are key downstream events of NF-«xB
signaling in inflammatory responses. The present study
did not perform nuclear/cytosolic fractionation or immuno-
fluorescence to directly confirm p65 nuclear translocation,
which further limits the depth of the NF-xB mechanism
analysis. Although the present data imply that the potential
anti-inflammatory effect of SPD is achieved by blocking
the NF-xB pathway, the precise mechanism by which
SPD influences the production of cell factors that activate
macrophages warrants further investigation.

In conclusion, the present study established that SPD exerts
potent anti-inflammatory effects on RAW 264.7 macrophages.
Specifically, SPD decreased the mRNA expression levels of
pro-inflammatory mediators, thereby reducing the synthesis of
inflammatory factors in LPS-activated RAW 264.7 cells. These
effects were associated with the suppression of LPS-induced
activation of the NF-kB signaling pathway, as evidenced by
the inhibition of p65 and IkBa phosphorylation. Therefore,
these findings indicate the potential of SPD as a natural drug
for the treatment of RA.
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