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Purpose: Spermidine (SPD) is a naturally occurring polyamine. In this study, we examined 
the role and possible mechanism of SPD in collagen-induced arthritis (CIA) mice.
Materials and Methods: CIA mice were intraperitoneally injected with SPD (2 and 50 mg/ 
kg), dexamethasone (0.5 mg/kg), or saline daily for 21 days. The severity of the disease and 
inflammatory responses in the serum and joint tissue were assessed through macroscopic, 
immunohistochemical, and histological analyses.
Results: Macroscopic and histological results indicated that SPD protected against the 
development of CIA. SPD suppressed the levels of the pro-inflammatory cytokines IL-6 
and IL-1β and increased the levels of the anti-inflammatory factor IL-10 in the serum. 
Immunohistochemical staining showed that 50 mg/kg SPD inhibited iNOS expression in 
synovial macrophages in the ankle joints of CIA mice.
Conclusion: These results suggest that SPD may protect CIA mice by inhibiting the 
polarization of M1 macrophages in the synovial tissue, reducing pro-inflammatory cytokines, 
and promoting anti-inflammatory factor release.
Keywords: rheumatoid arthritis, collagen-induced arthritis mice, spermidine, macrophage 
polarization, inflammation

Introduction
Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic 
symmetrical synovitis and extra-articular disease, with an incidence of 0.1–1.1% 
in the population.1–3 To date, the cause of RA has not been clarified, and no drug 
can completely relieve RA.

Excessive production of pro-inflammatory mediators is an important factor that 
promotes RA pathogenesis.1 Macrophages are one of the main effector cells involved 
in the development of RA. Macrophage-lineage cells in RA patients or animal models 
tend to polarize to pro-inflammatory macrophages (M1). M1 cells secrete a large 
number of pro-inflammatory cytokines, such as interferon-γ (IFN-γ), tumor necrosis 
factor α (TNF-α), interleukin-1 (IL-1), and IL-6, which can activate fibroblasts and 
osteoclasts, recruit neutrophils, monocytes, and lymphocytes, trigger a series of inflam-
matory reactions, accelerate the inflammatory process, and articular cartilage.4–9

Spermidine (SPD) is a naturally occurring polyamine.10 Studies have found that 
exogenous SPD supplementation is beneficial for aging,11–13 cancer,13,14 neurode-
generative diseases,15 cardiovascular diseases,16,17 and inflammatory diseases.18,19 

SPD can inhibit the activation of macrophages and exert anti-inflammatory effects 
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through macrophages.20 Yang et al21 demonstrated that 
SPD can improve experimental autoimmune encephalo-
myelitis by regulating the infiltration of macrophages in 
the central nervous system and inducing the polarization of 
macrophages to the M2 phenotype. The depletion of poly-
amines in macrophages increases the gene expression of 
LPS-induced pro-inflammatory mediators, such as TNF-α, 
IL-12, IL-6, and chemokines, indicating that polyamines 
are inhibitors of inflammatory gene expression.22 During 
infection, trauma, cancer, and autoimmune diseases, 
damaged or dying cells at the site of inflammation release 
polyamines, increasing the concentration of polyamines, 
which is believed to play an important regulatory role in 
limiting inflammatory damage.21,23 A previous study 
showed that SPD and spermine (SPM) accumulate in the 
urine, synovial fluid, and synovial tissue of patients with 
RA.24 Iezaki et al25 demonstrated that oral supplementa-
tion of SPD or SPM can suppress the increase in the 
expression of receptor activator of nuclear factor-κB 
ligand (RANKL) in the synovial tissue and prevent 
RANKL-induced osteoclast differentiation in collagen- 
induced arthritis (CIA) rats. However, Silva et al26 found 
that inhibiting the synthesis of endogenous polyamines can 
reduce inflammatory pain in arthritic rats, whereas admin-
istration of exogenous polyamines under the surface of the 
hind paw can cause pain and edema in non-arthritic rats. 
Whether SPD supplementation alleviates the condition of 
RA or aggravates its clinical symptoms remains 
controversial.

In this study, we established a CIA mouse model and 
administered different concentrations of SPD by intraper-
itoneal injection to observe the effects of SPD on joint 
swelling, expression of serum inflammatory factors IL-10, 
IL-6, and IL-1β, synovial pathology, and expression of F4/ 
80, inducible nitric oxide synthase (iNOS), and CD206 in 
membrane tissues to explore the role and possible mechan-
ism of SPD in CIA mice.

Materials and Methods
Experimental Animals
Six-week-old male C57BL/6 mice (20–22 g) were pur-
chased from Hunan SJA Laboratory Animal Co., Ltd. 
and maintained under specific pathogen-free conditions. 
After one week of adaptive feeding, the mice were ran-
domly divided into five groups. One group was the normal 
control group, and the remaining four groups were CIA 
models. On day 27, the CIA mice were randomly divided 

into four groups (n = 5/group) as follows: CIA control 
group, SPD-high dose (50 mg/kg SPD, SPD-H) group, 
SPD-low dose (2 mg/kg SPD, SPD-L) group, and dexa-
methasone (DEX; 0.5 mg/kg DEX) group. SPD and DEX 
were diluted in saline and abdominally injected daily from 
days 27 to 48. The normal control and CIA control groups 
were administered an equal volume of saline on the same 
schedule. On day 49, the mice were euthanized, and their 
ankle joints were harvested for histological and immuno-
histochemical analyses.

Ethics Approval
The study was approved by the Ethics Committee of 
Hunan Provincial People’s Hospital (approval number: 
2020S16). The experiments were conducted in compliance 
with institutional review board regulations. We attempted 
to minimize animal suffering and reduce the number of 
experimental animals used.

Induction of CIA Animal Model
Chicken type II collagen (CII) (Chondrex, Inc., Redmond, 
WA, USA) was dissolved at 2 mg/mL in 0.05 M acetic 
acid and gently stirred overnight at 4 °C. It was then 
emulsified with an equal volume of complete Freund’s 
adjuvant (CFA; Chondrex, Inc.) in an ice-cold water 
bath. The emulsion was kept at 4 °C and injected within 
1 h. Arthritis was induced by an intradermal injection 
(0.01 mL) at the base of the mouse tail. Twenty-one days 
later, mice were administered a booster immunization with 
CII emulsified in CFA in the same manner.27

Determination of Paw Swelling and 
Arthritis Score
During the course of the experiment, the thickness of both 
the left and right hind paws of mice was measured using 
a cursor caliper every five days. The increase in paw 
swelling was calculated using the following formula: rate 
of paw swelling change (%) = [paw thickness on day 48 
after immunization] – [paw thickness on day 0 prior 
immunization]/[paw thickness prior to immunization] × 
100.28 Mice were assessed every three days between 
days 21 and 48 for signs of arthritis. Individual paws 
were recorded on an ordinal scale of 1–4 as follows: 0 = 
no swelling and redness, 1 = slight swelling and redness in 
small or large joints, 2 = moderate swelling and redness in 
at least one joint, 3 = severe swelling and redness in large 
joints and moderate swelling and redness in small joints; 
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and 4 = entire paw affected and maximal erythema and 
swelling. The arthritis score was equal to the sum of the 
limb scores, with a maximum score of 16. An arthritis 
index score of ≥ 4 indicated that the model was success-
fully established.27

Measurement of Cytokine Levels in Mice 
Serum
Blood was collected after all mice were sacrificed, clotted 
for 2 h at room temperature, and centrifuged at 3500 × 
g for 10 min at 4 °C. Serum levels of IL-6, IL-1β, and IL- 
10 were measured using commercially available enzyme- 
linked immunosorbent assay kits (Multi Sciences, 
Hangzhou, China) according to the manufacturer’s 
instructions.

Histological Analysis
The ankle joints of the mice were fixed in 10% neutral 
buffered formalin for 48 h and decalcified in EDTA for 30 
days at 4 °C. After paraffin embedding, tissue sectioning 
(3 μm thick), and staining with hematoxylin and eosin 
(HE), two experienced pathologists examined the sections 
by light microscopy and determined synovitis scores 
according to the literature.29

Immunohistochemical Staining
Immunohistochemical staining was performed to observe the 
expression of F4/80, iNOS, and CD206 (Abcam, USA) in 
the synovial tissue of the ankle joint. Joint tissue slices were 
observed under the microscope, and the proportion of posi-
tive cells was counted in each sample over 10 fields of view.

Statistical Analysis
Statistical analyses were performed using SPSS (version 
23.0; SPSS Inc., Chicago, IL, USA). Data are presented as 
the mean ± standard deviation (SD) or median with inter-
quartile ranges. Data conforming to the normal distribution 
were analyzed using repeated-measure analysis of variance 
(ANOVA) or single-factor ANOVA followed by the least 
significant difference test for comparisons between two 
groups. Data that did not conform to normal distribution 
were compared using the Kruskal–Wallis test, and the 
Kruskal–Wallis single-factor ANOVA test was used for 
two comparisons between groups. Differences were con-
sidered significant at p < 0.05.

Results
Effect of SPD on Macroscopic Features of 
CIA
Initial signs of arthritis development were observed 24 
days after the first immunization with CII. The paw thick-
ness of the CIA control mice increased gradually after 
immunization and reached a maximum thickness by day 
40 (Figure 1A). From the 35th day, the paw thickness of 
CIA mice treated with 50 mg/kg SPD was significantly 
lower than that of CIA control mice (p < 0.05, Figure 1A), 
whereas the paw thickness of DEX-treated CIA mice was 
significantly lower than that of CIA control mice until the 
45th day (p < 0.05, Figure 1A).

The arthritis score of the SPD-H group decreased sig-
nificantly after three days of treatment, which occurred 
earlier than that of the DEX group. From day 36, the 
arthritis score of the SPD-H group was significantly 
lower than that of the CIA control group (p < 0.05, 
Figure 1B). Although the arthritis scores of mice in the 
DEX and SPD-L groups showed a downward trend, there 
was no significant difference compared with those of the 
CIA control group (p > 0.05, Figure 1B).

CIA control mice showed significant paw swelling 
compared to normal control mice (p < 0.001, Figure 1C). 
There was no significant difference between normal con-
trol mice and SPD-H, SPD-L, and DEX mice with regard 
to the rate of paw swelling change (p > 0.05, Figure 1C).

Effect of SPD on the Expression of IL-6, 
IL-1β, and IL-10 in the Serum of CIA Mice
To evaluate the capacity of SPD to regulate cytokine 
production in CIA mice, the levels of the pro- 
inflammatory cytokines IL-6 and IL-1β and the anti- 
inflammatory cytokine IL-10 in the serum of each mouse 
were determined. As shown in Figure 2, the levels of IL-6 
(p < 0.01) and IL-1β (p < 0.001) in CIA control mice 
significantly increased, whereas the expression of IL-10 (p 
< 0.001) was lower in CIA mice than in normal control 
mice. The release of IL-10 significantly increased, whereas 
that of IL-6 and IL-1β significantly decreased after SPD 
administration at a dose of 50 mg/kg (p < 0.001) or 2 mg/ 
kg (p < 0.01) compared with those in CIA mice, demon-
strating a concentration-dependent relationship.

Histopathological Examination
There were no pathological changes in the joints or carti-
lages of normal mice. HE staining of the ankle joints of 
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CIA mice showed typical histopathological features of 
synovitis compared to the those of normal control mice 
(Figure 3A and Table 1): synovial cell proliferation (p < 
0.01) with infiltration of a large number of neutrophils, 
lymphocytes, plasma cells, and other inflammatory cells; 
formation of lymphoid follicles and appearance of non- 
foreign-body giant cells; fibrinoid necrosis (p < 0.001); 

interstitial fibrosis cell proliferation accompanied by neo-
vascularization (p < 0.001), with mild to moderate 
mesenchymal transformation; and villus-like synovium 
stretched into the joint cavity, adhered and invaded into 
the cartilage, destroyed the articular cartilage surface, and 
caused the joint space to be narrower than that in normal 
control mice.

Figure 1 Effects of spermidine on swelling of paws of collagen-induced arthritis (CIA) mice. (A) Effect of spermidine on the thickness of footpads of CIA mice. Data are 
presented as mean ± standard deviation (SD) from five animals and analyzed using repeated measures analysis of variance (ANOVA). (B) Changes in arthritis score after 
treatment. Data are presented as mean ± SD from five animals and analyzed using repeated measures ANOVA. (C) The increase in footpad thickness after spermidine 
treatment compared to before modeling. Dates are presented as median with interquartile ranges and analyzed using the Kruskal–Wallis test. *P < 0.05, **P < 0.01, ***P < 
0.001 vs CIA control group. 
Abbreviations: CIA, type II collagen (CII)-induced arthritis; SPD, spermidine; DEX, dexamethasone.

Figure 2 Effects of spermidine on the release of IL-10, IL-1β, and IL-6 in the serum of collagen-induced arthritis (CIA) mice. (A) IL-10 levels; (B) IL-1β levels; (C) IL-6 levels. 
Data are presented as mean ± standard deviation from five animals and analyzed using single-factor analysis of variance followed by the least significant difference test. **P < 
0.01, ***P < 0.001 vs CIA control group. 
Abbreviations: CIA, type II collagen (CII)-induced arthritis; SPD, spermidine; DEX, dexamethasone.
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In mice treated with 50 mg/kg SPD or DEX, the for-
mation of new blood vessels was significantly reduced 
compared with that in CIA control mice (p < 0.01, p < 
0.01, respectively; Table 1). Treatment with 50 mg/kg or 
2 mg/kg SPD or DEX improved fibrinoid necrosis in the 
joint synovial tissue of CIA mice (p < 0.001, p < 0.001, 
and p < 0.01, respectively; Table 1). Comprehensive eva-
luation was performed to obtain the total synovitis score. 
The ankle synovitis score was significantly lower in the 
SPD-H (p < 0.05) and DEX groups (p < 0.05) than in the 

CIA control group, indicating that 50 mg/kg SPD treat-
ment improved joint synovitis in CIA mice.

Immunohistochemical Staining 
Examination
The immunohistochemical results are shown in Figure 4 
and Table 2. The synovial tissue of the normal control 
group had no inflammatory lesions, and a small number 
of F4/80-, iNOS-, or CD206-positive cells were observed. 
The CIA control group showed typical synovitis lesions, 

Figure 3 Histopathological observations of ankle joints. (A) Representative histological sections of ankle joints stained with HE. (B) Synovial pathology score of each group. 
Data are presented as mean ± standard deviation from five animals and analyzed using single-factor analysis of variance followed by the least significant difference test. *P < 0.05, 
***P < 0.001 vs CIA control group. 
Abbreviations: CIA, type II collagen (CII)-induced arthritis; SPD, spermidine; DEX, dexamethasone.

Table 1 Histological Scores of Each Group

Histological Feature CIA Control SPD-H SPD-L DEX Normal Control P

Proliferation of synovial cells 1.90±0.37 1.30±0.41 1.50±0.22 1.50±0.39 0.40±0.19** 0.047
Non-foreign-body giant cells 0.40±0.19 0.40±0.24 0.40±0.10 0.30±0.12 0.00±0.00 0.322

Lymphoid cell infiltration 0.30±0.20 0.30±0.12 0.50±0.16 0.30±0.12 0.20±0.12 0.704

Plasma cell infiltration 0.70±0.12 0.30±0.12 0.90±0.29 0.40±0.19 0.40±0.24 0.240
Neovascularization 1.20±0.20 0.40±0.10** 0.90±0.10 0.40±0.19** 0.10±0.10*** <0.001

Mesenchymoid transformation 1.00±0.35 0.60±0.19 1.00±0.35 0.50±0.22 0.30±0.20 0.306

Fibrinoid necrosis 0.90±0.19 0.10±0.10*** 0.10±0.10*** 0.30±0.12** 0.00±0.00*** <0.001
Total 6.40±0.81 3.40±0.87* 5.30±0.73 3.70±0.73* 1.40±0.58*** 0.002

Notes: Data are recorded as mean ± SD from five animals and analyzed using single-factor analysis of variance followed by the least significant difference test; *P < 0.05, **P < 0.01, 
***P < 0.001 vs CIA control group. 
Abbreviations: CIA, type II collagen (CII)-induced arthritis; SPD, spermidine; DEX, dexamethasone.
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strong expression of F4/80 and iNOS, and weak CD206 
expression. After treatment with different concentrations 
of SPD, the expression of F4/80 in the ankle synovial 
tissue was lower than that in the CIA control group. 
With the increase of SPD treatment concentration, the 
expression of iNOS in cytoplasm gradually decreased, 
the cytoplasm color changed from brown yellow to light 
yellow, and the expression of CD206 gradually increased.

Analysis of F4/80-, iNOS-, and CD206-positive cells 
in the ankle synovial tissue under high magnification 
showed that the number of F4/80- and iNOS-positive 
cells decreased with the increase in SPD treatment con-
centration, whereas the number of CD206-positive cells 
increased gradually. Statistical analysis showed that the 
number of iNOS-positive cells was different among the 
groups (p < 0.05), and the number of iNOS-positive cells 
in the ankle tissue of the SPD-H group was significantly 
lower than that of the CIA control group (p < 0.05). 
However, there was no significant difference in the num-
ber of F4/80- and CD206-positive cells between the 
groups (p > 0.05).

Discussion
The findings of this study indicate the therapeutic potential 
of SPD in CIA. Specifically, SPD may reduce joint swel-
ling and synovitis in CIA mice by inhibiting the polariza-
tion of macrophages to the M1 type in the synovial tissue, 
downregulating the release of pro-inflammatory factors IL- 
6 and IL-1β, and increasing the level of the anti- 
inflammatory factor IL-10.

RA is a chronic inflammatory joint disease that can 
cause cartilage and bone damage. As the disease pro-
gresses, it can even lead to disability and systemic com-
plications, resulting in decreased quality of life and 
increased mortality.1,30 The CIA model is an internation-
ally recognized model for studying the pathogenesis of RA 
and therapeutic drugs.27 In this study, the administration of 
collagen emulsion to mice resulted in significant paw 
swelling. Treatment with 50 mg/kg SPD or DEX reduced 
paw swelling and lowered the arthritis score. However, 
these findings are not consistent with those of Iezaki et al,25 

in that, they demonstrated that oral supplementation of 
SPM or SPD did not reduce paw volume and arthritis 

Figure 4 Immunohistochemical results of the ankle synovial tissue in each group (SP×400).

Table 2 Number of Immune-Positive Cells (%) in Each Group

CIA Control SPD-H SPD-L Normal Control P

F4/80 13.24 (10.36, 23.30) 6.56 (3.01, 11.78) 7.65 (2.76, 13.95) 9.09 (4.20, 12.13) 0.118

iNOS 21.28 (13.48, 26.42) 2.66 (0.49,12.56)* 5.66 (4.69, 11.95) 6.57 (2.15, 17.74) 0.015

CD206 10.19 (6.44, 29.87) 13.55 (6.83, 19.63) 7.87 (3.99, 15.27) 3.56 (2.93, 9.54) 0.744

Notes: Data are presented as median with interquartile ranges and analyzed using the Kruskal–Wallis test; *p < 0.05 vs CIA control group. 
Abbreviations: CIA, type II collagen (CII)-induced arthritis; SPD, spermidine; DEX, dexamethasone.
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scores of CIA rats. The difference may be because (1) the 
two groups of studies had different administration meth-
ods. We intraperitoneally injected SPD, whereas they 
mixed SPM or SPD with the drinking water of CIA rats. 
Therefore, there may be fluctuations in the drug concen-
tration, and the absorption of the drug may be affected by 
several factors such as the food in the stomach and pH of 
the digestive tract. (2) The timing of the administration 
was different. We administered SPD after the CIA model 
was successfully established, whereas they started oral 
treatment after the first immunization with collagen emul-
sion, and performed the second and third booster immuni-
zations on days 7 and 14 of the experiment, respectively. 
Repeated inflammatory stimulation causes persistent swel-
ling and joint inflammation in the hind paws of rats, which 
may cause no significant improvement in joint swelling 
after the treatment. However, their experiments indicated 
that SPM can inhibit the expression of RANKL mRNA in 
both the synovial tissue and cartilage tissue and reduce 
bone destruction of the toe joints of CIA rats, and they 
proposed that supplementation with specific polyamines 
may have a protective effect on the bone and cartilage of 
CIA rats.25 Silva et al26 injected SPD and SPM into the 
plantar of rats to cause pain and edema, which may be 
related to the stimulation of excessive local drug concen-
tration. Although polyamines are necessary for cell survi-
val and proliferation, if they cannot maintain their optimal 
state, they may be harmful to the body.31

Persistent synovitis is a sign of RA. The complex inter-
action between genetic factors and environmental factors 
induces abnormal activation of the innate and adaptive 
immune system, leading to a decline in immune tolerance, 
autoantigen presentation, antigen-specific T cell and B cell 
activation, and abnormal inflammatory cytokine produc-
tion. These form a complex network that triggers the activa-
tion of resident fibroblast-like synovial cells, leading to 
synovitis, proliferation of synovium and cartilage, and 
destruction of subchondral bone.1,32 In our study, intraper-
itoneal injection of 50 mg/kg SPD improved neovascular-
ization and fibrinoid necrosis, and reduced the synovitis 
score in CIA mice, showing good anti-synovitis effect of 
SPD. SPD can prevent bone loss by inhibiting osteoclast 
activation in mouse models.33 SPD supplementation acti-
vates autophagy and promotes cartilage formation, which 
may prevent the development of osteoarthritis.34 Kim et al20 

found that intraperitoneal injection of 1 mg/kg or 10 mg/kg 
SPD can reduce tissue thickening, edema, hemorrhage, 

hyperkeratosis, and inflammatory cell infiltration in the 
inflamed area of the skin of mice with idiopathic dermatitis.

Macrophages, as the key cells newly discovered in the 
pathogenesis of RA, have attracted increasing attention in 
recent years. Macrophages can be divided into classically 
activated M1 and alternatively activated M2 macrophages. 
M1 macrophages express major histocompatibility com-
plex II, CD80, CD86, and iNOS molecules, and secrete 
a variety of pro-inflammatory cytokines, such as TNF-α, 
IL-1β, IL-6, monocyte chemoattractant protein, and vas-
cular endothelial growth factor, which can promote the 
development of inflammation.35 It has been reported that 
the number of monocytes in the peripheral blood of RA 
patients increases, and these cells can infiltrate the joints 
and differentiate into synovial macrophages. In the local 
microenvironment, macrophages are polarized by different 
cytokines or interferons and are mainly inclined to the pro- 
inflammatory M1 phenotype, resulting in an increase in 
pro-inflammatory mediators and a decrease in anti- 
inflammatory cytokines, aggravating the inflammatory 
response in joints.9 Supplementing exogenous SPD has 
been shown to inhibit the production of these inflamma-
tory mediators in cell and animal experiments.18,20,36 In 
line with previous reports, our study also demonstrated 
a significant increase in IL-1β and IL-6 levels in the 
serum and iNOS expression in the synovial tissue of CIA 
control mice compared with normal control mice, and SPD 
treatment significantly reduced these indicators. 
Combining the results of serology and immunohistochem-
istry, SPD may inhibit M1 polarization of synovial macro-
phages in CIA mice and exert anti-inflammatory effects.

M2 macrophages express mannose receptor (MR/ 
CD206), CD163, arginase-1 (Arg-1), etc., secrete IL-10 
and other cytokines, and have anti-inflammatory 
effects.35 Recent studies have shown that SPD can inhi-
bit the production of inflammatory mediators (such as 
NO and PEG2) and cytokines (such as TNF-α and IL-6) 
at the cellular transcription level, induce macrophage 
polarization to the M2 phenotype, and reduce the 
damage caused by inflammation.19–21,36 Here, treatment 
with SPD significantly increased serum IL-10 levels in 
CIA mice. However, the expression of the M2 macro-
phage polarization marker CD206 in the synovial tissue 
of SPD-H and SPD-L groups was not significantly dif-
ferent from that of the CIA control group. In view of the 
fact that this study only conducted a preliminary study 
on the macrophage phenotype in the mouse ankle joint 
synovial tissue, it is necessary to further explore the 
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effect of SPD on macrophage polarization in CIA mouse 
joint tissue and its mechanism of action.

Conclusions
In summary, SPD may alleviate joint swelling and syno-
vitis in CIA mice by inhibiting macrophage polarization to 
the M1 phenotype, downregulating the release of the pro- 
inflammatory factors IL-6 and IL-1β, and increasing the 
level of the anti-inflammatory factor IL-10. In particular, 
50 mg/kg SPD had a better curative effect on CIA mice. 
Our experiment provides a solid theoretical basis for ani-
mal experiments for the treatment of RA with SPD, and 
lays a foundation for further mechanistic research.

Abbreviations
ANOVA, analysis of variance; CFA, complete Freund’s 
adjuvant; CII, Chicken type II collagen; DEX, dexa-
methasone; RA, rheumatoid arthritis; IFN-γ, interferon- 
γ; TNF-α, tumor necrosis factor α; IL, interleukin; SPD, 
spermidine; SPM, spermine; RANKL, receptor activator 
of nuclear factor-κB ligand; CIA, collagen-induced arthri-
tis; iNOS, inducible nitric oxide synthase; HE, hematox-
ylin and eosin.
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