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Abstract

Background: Rheumatoid arthritis (RA) is an autoimmune disease characterized by destruction of synovial joints, abnormal immune
responses and chronic inflammatory manifestations, which seriously affects patients’ well-being. We explored this study to ascertain the
effect and mechanism of silent information regulator 6 (SIRT6) on RA. Methods: Genes of RA patients and normal volunteers were
analyzed using Gene Expression Omnibus (GEO), Kyoto-Encyclopedia of Genes and Genomes (KEGG) and Disconet databases. Serum
samples of RA patients and normal subjects were collected before detection of myeloid differentiation factor-88 (MyD88)-extracellular
signal-regulated kinase (ERK) pathway proteins expression with Western blot. In vitro RA fibroblast-like synoviocytes (FLS) cell model
(RA-FLS) was established by treating RSC-364 with recombinant rat IL-1β (10 ng/mL) after which SIRT6 and MyD88 adenoviruses
treatment was carried out. The enzyme linked immunoassay (ELISA), real time polymerase chain reaction (RT-PCR) and Western blot
were respectively used to measure inflammatory factors, related messenger ribonucleic acid (mRNA) and protein expressions. Also, we
constructed RA rat model with bovine type II collagen (BIIC) and complete Freund’s adjuvant, before treatment with SIRT6 and MyD88
adenoviruses. Results: Low expression of SIRT6 gene were detected in RA patients. Also, levels of MyD88, ERK and phosphorylated
extracellular signal-regulated protein kinase (p-ERK) protein expressions in RA patients were increased, whilst that of SIRT6 protein
decreased. Compared to FLS cells in Control group, inflammatory factors levels of rats in Model batch increased significantly. SIRT6
adenovirus treatment potentially and significantly inhibited inflammation including suppression of increased inflammatory factors in-
duced by MyD88. In comparison with FLS cells in Control group, Model batch cells’ MyD88, interleukin (IL)-1β, IL-21, IL-22, IL-6,
IL-17, tumor necrosis factor-alpha (TNF-α) and monocyte chemo-attractant protein-1 (MCP-1) mRNA expressions increased but SIRT6
gene treatment could reduce mRNA expression of the aforesaid factors, even after MyD88 adenovirus treatment. Besides, overpressed
SIRT6 negatively regulated levels of MyD88, ERK and p-ERK proteins expressions. SIRT6 demonstrated anti-RA effect by regulating
MyD88-ERK pathway and inhibiting inflammatory response in RA rats. Conclusions: SIRT6 could potentially inhibit the inflammatory
response of RA via a regulatory mechanism mainly relating to MyD88-ERK signal pathway. Thus, SIRT6 and its agonists may serve as
new targets for developing drugs that can potentially treat RA.
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1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease
characterized by destruction of synovial joints [1], ab-
normal immune responses [2] and inflammatory manifes-
tations [3]. In southern countries, RA should be prop-
erly controlled [4] since its expected prevalence is ranged
from 0.2 to 0.3%. Promotion of microvessels forma-
tion in joints by inflammation may cause joint damage.
With regards to pathological mechanism of RA, rheuma-
toid factors [5] and several inflammatory processes [6] have
been implicated. Through fibroblast-like synoviocytes

(FLS), scientists have observed the promotion of vascular-
endothelial growth factor (VEGF) release by proinflam-
matory mediators like monocyte chemo-attractant protein-
1 (MCP-1), tumor necrosis factor-alpha (TNF-α), nitric-
oxide, prostaglandins, interleukin (IL)-1, IL-6, IL-17 and
IL-18 [7,8]. Thus, main invasive proliferative cell involved
in RA pathogenesis is FLS, which plays a crucial role in
inflammation of RA [9,10]. During RA onset, FLS and
macrophages release increased the levels of factors like IL-
6, IL-1β, matrix metalloproteinase (MMP-1/3) and other
inflammatory mediators by migrating and invading bone
and joint tissues, thus inducing excessive intra-articular
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synovial tissue proliferation which further aggravated intra-
articular inflammatory response of RA patients [11].

The silent information regulator (SIRT) family is third
type of human histone deacetylase dependent on nicoti-
namide adenine dinucleotide (NAD+) [12] with seven
members [13]. SIRT6 is expressed as ADP ribosyltrans-
ferase in nucleus [14]. Relevant works have found that
SIRT6 associates with the regulation of body modifications
for environmental adaptation. Particularly, SIRT6 regu-
lates genome stability, DNA repair and inflammatory re-
sponse through deacetylation of histones and various tran-
scription factors, especially in immune inflammation [15–
17]. SIRT6 knockout in endothelial cells of human umbil-
ical vein could lead to increased levels of IL-1β, IL-6, IL-
8, MMP-2 and -9. Contrarily, overexpressed SIRT6 inhib-
ited expression of these factors [18]. Thus, SIRT6 expres-
sion inhibition especially in macrophages could aggravate
inflammation [19,20]. Contrastingly, ectopically overex-
pressed SIRT6 in knockout cells decreased inflammation.
The SIRT6 plays a crucial role in inflammation suppres-
sion by inhibiting nuclear-factor kappa-B (NF-κB) pathway
activation via removal of histone-3 lysine-9 (H3K9) acety-
lation levels of downstream target genes of NF-κB [21].
Thus, SIRT6 has an anti-inflammatory function, which can
inhibit inflammatory responses and progress of RA [22].
Available literature has described the potential of SIRT6
to control a smoke induced signaling in synovial fibrob-
lasts of RA [23]. Likewise, another study affirmed that
SIRT6 could decrease inflammation and release of proin-
flammatory factors in collagen induced RA mouse model
[24]. Besides, a lower SIRT6 expression in PBMC and
monocytes/macrophages of RA patients was observed com-
pared to osteoarthritic patients. Thus, SIRT6 may be ex-
plored as a treatment target of RA. Nevertheless, actual
mechanism of SIRT6 in RA treatment has not been clar-
ified. Bioinformatics prediction has shown multiple sites
binding of SIRT6 promoter to transcription factors, includ-
ing Ahr, SPIB, Pdx1, and Prrx2.

Chronic immune inflammatory diseases such as RA
[25] have devastating effect on the well-being of patients.
As proteins that are associated with immune system, toll-
like receptors (TLRs) widely exist in various innate im-
mune cells, namely neutrophils, monocyte macrophages,
dendritic cells and natural killer (NK) cells [26,27]. They
(except TLR3) activate myeloid differentiation factor-88
(MyD88), which is most important adaptor protein in TLRs
signal transduction pathway [28]. Literature has confirmed
that defectiveMyD88 gene in TLR signal transduction path-
way resulted in substantially reduced joint synovitis and
bone tissue damage [29]. An extracellular signal-regulated
kinase (ERK) pathway is a vital MAPKs family member.
A close linkage of abnormal activation of ERK with patho-
logical process of RA joint destruction has been observed.
The ERK is significantly activated in T lymphocytes, FLS
and macrophages in RA synovium, thus suggesting its in-

volvement in transduction of pathological signals [30]. It
has been shown that ERK and its inhibitors could alleviate
RA symptoms and even block disease progress [31].

Herein, we found that MyD88-ERK is an impor-
tant signal pathway that promotes inflammation in RA
pathogenesis. Increased expressions of MyD88-ERK and
IL-1β, IL-21, IL-22, IL-6, IL-17, tumor necrosis factor-
alpha (TNF-α) and monocyte chemo-attractant protein-1
(MCP-1) and concomitant decreased expression of Sirt6
were observed in RA patients. Sirt6 treatment inhibited
MyD88-ERK signal pathway which decrease inflammatory
response via reduced expression and levels of the above-
mentioned inflammatory mediators (especially IL-1, IL-6
and TNF-α) in RA patients, thus improving treatment of
RA. Hence, this study sought to clarify SIRT6 role in RA in-
flammatory response, and explore its molecular mechanism
in reducing RA inflammatory injury through inhibition of
MyD88-ERK signaling pathway in RA patient serum, rat
synovial cell RA model and rat arthritic model as well as
appropriate techniques.

2. Methods
2.1 Materials

Fetal bovine serum (FBS) and RPMI 1640 culture
medium were bought from Hyclone (Logan, UT, USA),
while TRIzol reagent was obtained from Invitrogen (Carls-
bad, CA, USA). The BCA kit was bought by Nan-
jing Jiancheng Bioengineering Research Institute (Nan-
jing, China). Sigma Co., (St. Louis, MO, USA) sup-
plied Freund’s complete adjuvant, Bovine type II colla-
gen (BIIC) and RIPA lysate. Mitogen extracellular kinase
(MEK), phosphorylated mitogen extracellular kinase (p-
MEK), ERK, phosphorylated extracellular signal-regulated
protein kinase (p-ERK), SIRT6 and MyD88 antibody were
provided by Abcam corporation (Cambridge, MA, USA).
Lentivirus expression vector was bought from Thermo
Fisher Scientific (Waltham, MA, USA). Recombinant rat
IL-1β was purchased from peprotech (Rocky, NJ, USA).
The IL-1β, IL-6, IL-17, IL-21, IL-22, MCP-1, lactate de-
hydrogenase (LDH), glutathione (GSH), superoxide dismu-
tase (SOD) malondialdehyde (MDA) and TNF-α enzyme
linked immunoassay (ELISA) kits were bought from Ab-
cam (Cambridge, MA, USA).

2.2 Study Population Recruitment
Between January 2020 and October 2021, we re-

cruited 22 RA patients (10 females and 12 males of 25–
65 years) and 22 healthy controls (HC, 22 females and
10 males of 24–63 years) from Jiangsu University af-
filiated Wujin Hospital. Those with American College
of Rheumatology European League against Rheumatism
(ACR_EULAR) classified RA [32] were used for this
study, wherein they did not receive any treatment. All the
subjects that were included in this study did not have au-
toimmune diseases, blood system, cardiovascular and cere-
brovascular system and other systemic diseases.
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2.3 Cells and Animals
Rat FLS cell line 364 (RSC-364) was obtained from

the Wujin Hospital Affiliated with Jiangsu University and
cultured in RPMI-1640 complete medium at 37 °C and 5%
CO2 humidification. Mycoplasma contamination of the cell
line was detected by phase contrast microscopy. The cells
were inoculated on a cover slide placed in the culture bot-
tle, and removed 24 hours later, before we observed with
phase contrast microscope. Mycoplasma is a dark micro-
scopic particle located on the cell surface and between the
cells. The results showed that no dark microscopic parti-
cles were observed, thus indicating that the mycoplasma
contamination test of the cell line was negative. In addi-
tion, immunofluorescence staining was used to identify the
cell lines. The cells were inoculated on a 24-well plate with
a cover slide. After the cell growth confluence was about
60%, the cells were washed twice with PBS (pH 7.4). Later,
we fixed themwith 4% paraformaldehyde at room tempera-
ture for 15 min, and rinsed 3 times with PBS for 5 min each
time. Afterwards, 5% goat serum sealing solution (con-
taining 0.3% Triton X-100) was used for sealing at room
temperature for 60 min. Vimentin antibody (1:200) and Fi-
bronectin (1:200) were added overnight at 4 °C and rinsed
3 times with PBS for 5 min each time. Alexa Flour 647
(1:500) was incubated at room temperature away from light
for 1 h and rinsed 3 times with PBS for 5min each time. The
tablets were sealed with DAPI, while fluorescence staining
was observed via fluorescence microscope. The expression
of Vimentin and fibronectin was observed to be positive af-
ter immunofluorescence identification, which could be used
for subsequent experiments.

Sprague-Dawley (SD) rats (female, 6–7 weeks, 200±
20 g) were supplied by Jiangsu University laboratory cen-
ter (Zhenjiang, China). The rats were exposed to 24± 1 °C
temperature and 50 ± 10% humidity for a light-dark cycle
of 12 h. Food andwater were availableAD libitum. All pro-
cedures were conducted under protocols approved by the
Institutional Animal Care and Use Committee of Jiangsu
University. A total of 30 healthy mice were selected for
this experiment. They were randomly divided into 5 groups
with 6 animals in each group.

2.4 Information Analysis
We downloaded gene data related to RA from

databases such as Gene Expression Omnibus (GEO, ht
tps://www.ncbi.nlm.nih.gov/geo/), Kyoto-Encyclopedia of
Genes and Genomes (KEGG) (https://www.kegg.jp/kegg)
and diskenet (https://www.disgenet.org) as well as screened
for distinctly expressed genes (1923 including 752 up-
regulated genes and 1171 down regulated genes) in RA and
normal groups with GEO2R online tool (https://www.ncbi
.nlm.nih.gov/geo/geo2r/). The genes with the top 36 dif-
ferentially expressed values were analyzed with heat map
analysis.

2.5 Study on Serum of clinical RA Patients
2.5.1 Serum Samples Collection

In the morning after overnight fasting, we withdrew
whole venous blood (7~8 mL) from 22 RA patients and
22 healthy volunteers (as normal control). Then, the blood
samples were anti-coagulated with heparin, and centrifuged
at 3700 rpm for 10 min. After that, serum was collected
into a 2 mL EP tube and stored in a refrigerator at –80 °C
for subsequent use.

2.5.2 Detection of Related Protein Expression by Western
Blot

The protein of the sample to be tested was extracted
by protein extraction lysate. The protein concentration was
determined via BCA protein quantitative kit. Later on, 50
µg protein solution was transferred to the PVDF membrane
after 12% SDS- polyacrylamide gel electrophoresis. The
membrane was sealed with 5% skimmed milk at room tem-
perature for 1.5 h. The corresponding primary antibodywas
added and incubated at 4 °C overnight. The PVDF mem-
branewas taken out andwashedwith PBS solution (3 times)
for 5 min each time. Fluorescent labeled secondary anti-
bodies were added to the PVDF membrane and incubated
at room temperature for 2 h. Then, ECL solution (Thermo
Fisher Scientific, Waltham, MA, USA) was added for full
reaction to take place. Excess liquid was removed with fil-
ter paper and the samples were covered with the film. The
gray value of the protein strip was analyzed with the gel im-
age processing system. The relative expression of protein
was expressed by the ratio of gray value of target protein to
internal reference protein (GAPDH).

2.6 In Vitro Cell Experiments
2.6.1 Cells Culture

RSC-364 cells were selected to establish rat RA cell
model in vitro. The cells were cultured in RPMI 1640
medium (containing 10%FBS) under humidified CO2 (5%)
and 37 °C. Then, the cells were digested with 0.25% trypsin
(containing 0.02% EDTA) and press 5 × 106/L was inoc-
ulated in a 25 cm2 culture flask. The culture medium was
discarded when the cells were fused to 90% and in the log-
arithmic growth phase. The cells were resuspended with
RPMI 1640 medium, in which the cells (1 × 104) were in-
oculated in 96 well plates with a medium volume of 200 µL
(in each well). Later, 96 well plates were cultured at 37 °C,
CO2 (5%) incubator and saturated humidity for 24 h.

2.6.2 Adenovirus Construction
SIRT6 adenovirus construction method was as fol-

lows: after the whole coding sequence (CDS) of rat SIRT6
gene was synthesized, the multiple cloning sites (MCS) of
pAdeasy-EF1-MCS-CMV-mcherry were constructed and
packaged as adenovirus. The vector map is shown in
Fig. 1A, in which the SIRT6 promoter was EF1a, and the
virus had red fluorescence.
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Fig. 1. Adenovirus map. (A) Silent information regulator 6 (SIRT6) adenovirus map. (B) Myeloid differentiation factor-88 (MyD88)
adenovirus map.

MyD88 adenovirus construction method was similar
as the SIRT6, after which the whole CDS of ratMyD88 gene
was synthesized, while the multiple cloning sites (MCS)
of pAdeasy-EF1-MCS-CMV-EGFP were constructed and
packaged as adenovirus. The vector map is shown in
Fig. 1B, wherein the MyD88 promoter was EF1a, and the
virus had green fluorescence.

2.6.3 Construction of RA Cell Model
Later, the cells were divided into 7 groups: ¬ Con-

trol group: Normal RSC-364 cells without any treat-
ment.  Adenovirus loaded SIRT6 control group (Ad-
SIRT6-Control): In this batch, RSC-364 cells were treated
with SIRT6 adenovirus to construct FLS cells with high
SIRT6 expression. ® Empty adenovirus control group (Ad-
Control). The RSC-364 cells were treated with empty
adenovirus. ¯ Experimental group (Model): The nor-
mal RSC-364 cells were treated with recombinant rat IL-
1β (10 ng/mL). ° Adenovirus loaded SIRT6 experimen-
tal group (Ad-SIRT6-Model) was treated with SIRT6 ade-
novirus to construct RSC-364 cells with high SIRT6 ex-
pression, and then recombinant rat IL-1β was used (10
ng/mL) for treatment. ± Empty adenovirus experimental
group (Ad-Model): The RSC-364 cells were treated with
empty adenovirus, and then treatedwith recombinant rat IL-
1β (10 ng/mL). ² Adenovirus loaded SIRT6 experimental
group treated with MyD88 adenovirus (Ad-SIRT6-Model-
MyD88): The RSC-364 cells with high SIRT6 expression
were constructed by SIRT6 adenovirus treatment, before
treatment with recombinant rat IL-1β (10 ng/mL), and sub-
sequent treatment with MyD88 adenovirus.

2.6.4 Elisa Detection
The inflammatory factors (IL-1β, IL-6, IL-17, IL-

21, IL-22, MCP-1, SOD, LDH, MDA and TNF-α) expres-

sion levels were detected in accordance with ELISA kit in-
structions. The absorbance of each well was measured at
450/550 nm wavelength using an enzyme labeling instru-
ment, and the content of each factor was determined ac-
cording to the standard curve.

2.6.5 Real-Time PCR
Real time polymerase chain reaction (RT-PCR)

method was used to determine the RSC-364 cells expres-
sion of messenger ribonucleic acid (mRNA) from genes in-
cluding SIRT6, MyD88, IL-6, TNF-α, IL-1β, IL-17, IL-21,
IL-22 andMCP-1. Total RNA was extracted from sampled
cells with Trizol reagent. The selected primer sequences
used in this study are shown in Table 1. The amplification
conditions were as follows: Pre-denaturation at 95 °C for 2
min, annealing at 94 °C for 20 s and 68 °C for 20 s for 40
cycles. The experimental results are expressed according to
the relative quantitative analysis of 2−∆∆ct equation.

2.6.6 Western Blot
The protein expressions of SIRT6, MyD88, p-ERK,

ERK and GAPDH were detected with Western blot. Super-
natant of cells culture medium of each group was collected,
and the cells were scraped off with a cell scraper after PBS
cleaning. Centrifugation at 1000 rpm for 5 min was carried
out, while cell precipitation was washed with PBS. Then,
the cells were transferred to clean EP tubes. Later, 0.25 mL
of RIPA lysate were added to each tube of the cells. The
cells were vortexed for 30 s until the protein precipitated,
before allowing them to stand on the ice for half an hour.
Centrifugation of 14,000 rpm was carried out at 4 °C for
15 min and the sediment was discarded. Later on, we col-
lected the supernatant and whole cell protein extract prior
to storing at –20 °C for subsequent experiments. After that,
the protein content was determined through BCA method
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Table 1. The sequences of the primers employed in the
RT-PCR.

Genes Sequences of primer (5′ to 3′)

SIRT6
Forward CTTTATTGTTCCCGTGCGGC
Reverse ACCTTGCATTCCAGCTCCTC

MyD88
Forward CTACAGAGCAAGGAATGTGACT
Reverse ACCTGATGCCATTTGCTGTCC

IL-6
Forward AGAGACTTCCAGCCAGTTGC
Reverse AGTCTCCTCTCCGGACTTGT

TNF-α
Forward GGCTTTCGGAACTCACTGGA
Reverse GGGAACAGTCTGGGAAGCTC

IL-1β
Forward TTGAGTCTGCACAGTTCCCC
Reverse TCCTGGGGAAGGCATTAGGA

IL-17
Forward GTTCAGTGTGTCCAAACGCC
Reverse AGGGTGAAGTGGAACGGTTG

IL-21
Forward CTAAAGCGGGAAGGACGTGT
Reverse CTGGAGGTGAGCGCTACAAA

IL-22
Forward TCAGCGGTGATGACCAGAAC
Reverse TCAGACGCAAGCGTTTCTCA

MCP-1
Forward AGCCAACTCTCACTGAAGCC
Reverse AACTGTGAACAACAGGCCCA

RT-PCR, real time polymerase chain reaction.

with the specific operation method of Western blot being
the same as “2.5.2 Detection of related protein expression
by Western Blot”.

2.7 In Vivo Rats’ Experiments
2.7.1 Establishment of RA Rat’s Model

According to previous studies [33,34], BIIC (10 mg)
and complete Freund’s adjuvant (5 mL) were mixed into
emulsifier. Then, 0.1 mL mixed emulsifier (100 mg colla-
gen/rat) was injected into rat tail vein for 21 days to con-
struct the RA rats model.

2.7.2 Animal Grouping and Administration
Healthy SD rats were randomly divided into 5 groups:

¬ Blank control group (Control) without any treatment.
 Model group (Model): The RA rat model was estab-
lished by the above modeling method. ® Adenovirus
loaded SIRT6 + model group (Ad-SIRT6-Model): The
rats with high SIRT6 expression were treated with SIRT6
adenovirus, before treatment with the above modeling
method. ¯ Blank adenovirus + model group (Ad-Model):
After treating the rats with empty adenovirus, we also
treated them with the above modeling method. ° Rats
in the adenovirus loaded SIRT6 experimental group (Ad-
SIRT6-Model-MyD88) treated with MyD88 adenovirus,
after which we treated them with SIRT6 adenovirus, fol-
lowed by treatment with the above modeling method and
MyD88 adenovirus.

2.7.3 Ultrasonic Examination
Two-dimensional ultrasound was used to observe the

synovial hyperplasia of rat limb joints. The blood flow
in proliferative synovium was observed via the superb mi-
crovascular imaging (SMI) technique. The grade of syn-
ovial hyperplasia and blood flow were evaluated using ul-
trasonic grade 4 semi quantitative scoring method, and the
disease activity of limb arthritis was evaluated at the imag-
ing level. The specific inspection steps are as follows:
Toshiba aplio500 ultrasonic diagnostic instrument and lin-
ear array probe (dynamic range 60 dB, frequency 7–18
mhz) were used. The joints of rats’ limbs were examined
horizontally and longitudinally. The synovial hyperplasia
was observed by two-dimensional ultrasound and evaluated
with semi quantitative scoring method. The section with
thick synovium at the focus was taken to fix the probe posi-
tion. Later, the SMI mode was started, before we adjusted
the appropriate color gain and blood flow sampling frame.
The blood flow of synoviumwas observed under SMImode
and could be evaluated through semi quantitative scoring
method.

2.7.4 Sample Collection
After the experiment, blood (0.4 mL) samples were

collected via retro-orbital route into EP tubes containing
heparin. Then, the rats were sacrificed before the synovium,
liver and kidney were collected, wherein blood on the tissue
surface was washed with PBS. Briefly, blood samples were
centrifuged at 3700 rpm for 10 min. Then, serum was col-
lected at –80 °C for standby. A part of rats’ liver and kidney
were homogenated and centrifuged at 10,000 rpm for 10
min. After that, the supernatant was taken and stored in the
refrigerator at –80 °C. Synovium, extra part of the rats’ liver
and kidney were fixed in 10% para-formaldehyde solution
for 4 h, before embedment in paraffin and sliced (about 4
µm) for subsequent experiments.

2.7.5 Histopathological Examination
Paraffin sections of synovium, liver and kidney tis-

sues were routinely dewaxed, hydrated and stained with
hematoxylin eosin (HE). Finally, the pathological changes
in the prepared samples were observed under the micro-
scope (Nikon, Tokyo, Japan).

2.7.6 Molecular Biological Detection
The levels of IL-6, IL-17, IL-21, IL-22, MCP-1, TNF-

α, GSH, IL-1β and MDA as well as SOD in serum of the
rats were detected strictly according to the standard operat-
ing procedures of the ELISA kits.

2.7.7 Real-Time PCR
SIRT6, MyD88, IL-1β, IL-6, IL-17, IL-21, IL-22,

MCP-1 and TNF-α mRNA expressions were detected with
Real-time PCR. Specific operation method of Real-time
PCR was the same as described in section “2.6.5 Real-time
PCR”.
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2.7.8 Western Blot
The protein expressions of SIRT6, MyD88, p-ERK,

ERK, MEK and p-MEK were detected with Western blot.
The specific operationmethod ofWestern blot was the same
as depicted in section “2.5.2 Detection of related protein
expression by Western Blot”.

2.8 Statistical Analysis
Data were presented in the form of mean ± standard

deviation (SD). We performed student’s t-test or analysis of
variance (ANOVA) to determine the significant difference
between two groups. Analysis of experimental results was
accomplished with GraphPad prism (version 8, GraphPad
Software Inc., San Diego, CA, USA). Statistically, we ac-
cepted p ˂ 0.05 as significant differences between groups.

3. Results
3.1 Analysis of SIRT6 Gene Expression in RA Patients

We analyzed the sera of RA patients to ascertain their
level of SIRT6 expression. Of note, red color indicates re-
duced gene expression (Z score), while green color shows
increased gene expression with color depth suggesting dif-
ference in distinct expression levels. We observed from the
analysis that SIRT6 gene expression decreased significantly
in RA patients (Fig. 2), which may be due to the increased
expressions of inflammatory factors such as IL-1β, IL-6,
TNF-α and MCP-1 or high expression of LncRNA plasma-
cytoma variant translocation 1 (PVT1), which lowers Sirt6
expression via methylation of the deacetylase protein in RA
fibroblast-like synoviocytes (RA-FLS) and synovial tissues
of RA patients [35,36].

Fig. 2. Analysis of 36 gene expressions in rheumatoid arthritis
(RA) patients (relative to healthy subjects).

3.2 Detection of SIRT6 and MyD88-ERK Protein
Expression in RA Patients’ Sera

Expression of MyD88, ERK and p-ERK proteins in
RA patients was investigated with western blot technique.
It was discovered that the aforementioned proteins in-
creased significantly (Mean ± SD for each protein in RA
group: MyD88: 0.96 ± 0.37; ERK: 1.18 ± 0.18; p-ERK:
1.24 ± 0.08, p < 0.05 or p < 0.01) compared to nor-
mal group (Mean ± SD for each protein in normal control
group: MyD88: 0.06 ± 0.02; ERK: 0.43 ± 0.01; p-ERK:
0.53 ± 0.19) (Fig. 3). In comparison with normal group,
level of SIRT6 protein expression in RA patients decreased
substantially (Mean ± SD for SIRT6 protein in RA group:
1.10 ± 0.03; in normal control group: 1.60 ± 0.12, p <

0.01), which may be ascribed to increased expression of
MyD88, ERK and p-ERK proteins in RA patients. Collec-
tively, we observed increased of MyD88, ERK and p-ERK
proteins expressions with concomitant decreased Sirt6 pro-
tein expression in RA patients.

3.3 Effect of SIRT6 on Inflammatory Markers and
MyD88-ERK Pathway in RA-RSC Cells in Vitro

ELISA testing was employed to measure levels of IL-
1β, SOD, IL-21, LDH, IL-6, MDA, IL-22, TNF-α, IL-
17 and MCP-1 in RA-FLS cells. It was observed that
Model group cells increased significantly with decreased
SOD (Mean± SD for each inflammatory markers in model
group: IL-1β: 417.16 ± 25.63; SOD: 19.83 ± 1.41; IL-
21: 17.05 ± 1.27; LDH: 33.05 ± 2.15; IL-6: 107.1 ±
5.68; MDA: 9.80 ± 0.62; IL-22: 41.24 ± 2.93; TNF-α:
762.9 ± 58.32; IL-17: 81.07 ± 6.40; MCP-1: 2.41 ± 0.17;
p < 0.01) compared with control group (Mean ± SD for
each inflammatory markers in control group: IL-1β: 71.22
± 2.57; SOD: 44.96 ± 3.01; IL-21: 5.07 ± 0.37; LDH:
8.08 ± 0.51; IL-6: 18.33 ± 0.97; MDA: 1.17 ± 0.08; IL-
22: 11.78 ± 0.77; TNF-α: 381.6 ± 25.5; IL-17: 15.84
± 1.04; MCP-1: 0.79 ± 0.05; p < 0.01) (Fig. 4). Ade-
novirus SIRT6 and blank adenovirus vectors exhibited no
effect on normal FLS cells because Ad-SIRT6-Control and
Ad-Control were unchanged or changed slightly. Com-
pared with Model cells, levels of aforesaid inflammatory
mediators and SOD in Ad-Model batch were unchanged,
which suggests that blank adenovirus vector demonstrated
no effect on inflammation. Compared with group Model,
the contents of IL-1β, IL-21, IL-22, IL-6, IL-17, LDH,
MDA, TNF-α, MCP-1 and SOD in group Ad-Model were
basically unchanged, which indicates that the blank aden-
ovirus vector had no effect on inflammation. In compari-
son with group Model, the levels of IL-1β, IL-21, IL-22,
IL-6, IL-17, LDH, MDA, TNF-α and MCP-1 in group Ad-
SIRT6-Model decreased significantly (Mean± SD for each
inflammatory markers in Ad-SIRT6-Model group: IL-1β:
171.14 ± 8.46; IL-21: 7.14 ± 0.46; LDH: 15.25 ± 1.04;
IL-6: 25.8 ± 3.34; MDA: 2.84 ± 0.21; IL-22: 20.16 ±
1.36; TNF-α: 478.75± 34.21; IL-17: 30.77± 2.03; MCP-
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Fig. 3. Expressional levels of SIRT6, MyD88, extracellular signal-regulated kinase (ERK) and phosphorylated extracellular
signal-regulated protein kinase (p-ERK) protein of normal control and RA patient groups. (A) Western blot analysis of SIRT6,
MyD88, ERK and p-ERK levels. Gray value of target protein to internal reference protein (GAPDH) was used as a loading control.
Quantitative densitometry of SIRT6 (B), MyD88 (C), ERK (D) and p-ERK (E) levels relative to GAPDH. ∗p < 0.05, ∗∗p < 0.01,
compared to Model control group. Experimental results are expressed as mean ± SD, n = 3. SD, standard deviation.

1: 1.18 ± 0.07; p < 0.01), while the level of SOD in group
Ad-SIRT6-Model increased significantly (Mean ± SD of
SOD in Ad-SIRT6-Model group: 31.05 ± 1.98; p < 0.01).
In addition, compared with group Model, the levels of IL-
1β, IL-21, IL-22, IL-6, IL-17, LDH, MDA, TNF-α and
MCP-1 in group Ad-SIRT6-Model-MyD88 decreased sig-
nificantly (Mean ± SD for each inflammatory markers in
Ad-SIRT6-Model-MyD88 group: IL-1β: 365.21 ± 44.77;
IL-21: 15.11 ± 1.49; LDH: 29.82 ± 2.01; IL-6: 98.99 ±
4.36; MDA: 8.55 ± 1.44; IL-22: 36.65 ± 4.64; TNF-α:
640.95± 73.43; IL-17: 72.12± 8.75; MCP-1: 2.03± 0.47;
p < 0.05 or p < 0.01), while the level of SOD increased
significantly (Mean ± SD of SOD in Ad-SIRT6-Model-
MyD88 group: 25.03± 3.60, p< 0.05). The results suggest
that the RA cells treated with SIRT6 adenovirus could sig-
nificantly inhibit inflammation. On this basis, SIRT6 could
regulate the activities of IL-1β, IL-21, IL-22, IL-6, IL-17,
LDH, MDA, TNF-α, MCP-1 and SOD induced by MyD88
to a certain extent.

3.4 Detection of SIRT6 Expression at mRNA Level
The RT-PCR technique was explored to detect the

expression of SIRT6 at mRNA level. It can be discov-

ered (Fig. 5) that compared with control group, while the
Ad-SIRT6-Control showed increased relative SIRT6 ex-
pression at mRNA (Mean ± SD for SIRT6 in Ad-SIRT6-
Control group: 3.10 ± 0.34; control group: 1.00 ± 0.18,
model group: 0.89 ± 0.10, p < 0.01), but demonstrated
relatively decreased expression of nuclear protein in Model
batch (Mean± SD for SIRT6 in model group: 0.89± 0.10,
p < 0.05). In a similar fashion, comparative analysis of
the Model with Ad-SIRT6-Model and Ad-SIRT6-Model-
MyD88 groups demonstrated increased (Mean ± SD for
SIRT6 inAd-SIRT6-Model group: 2.62± 0.34; Ad-SIRT6-
Model-MyD88 group: 2.47 ± 0.44, p < 0.01) relative ex-
pression of SIRT6mRNA in the latter than former. This im-
plies that SIRT6 gene loaded by adenovirus vectors in Ad-
SIRT6-Control, Ad-SIRT6-Model and Ad-SIRT6-Model-
MyD88 groups can be carried into cells with high expres-
sion. In model group, we observed disturbed and decreased
relative expression of SIRT6 mRNA in normal FLS cells
that were treated with recombinant rat IL-1β (10 ng/mL). In
addition, compared with control group, the relative expres-
sion of IL-1β, IL-21, IL-22, IL-6, IL-17, TNF-α and MCP-
1 mRNA in model group increased significantly (p< 0.01)
with that of Ad-SIRT6-Control and Ad-Control groups re-
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Fig. 4. ELISA results of RSC-364 cells after different treatments. (A) IL-1β. (B) Superoxide dismutase (SOD). (C) IL-21. (D) Lactate
dehydrogenase (LDH). (E) IL-6. (F)Malondialdehyde (MDA). (G) IL-22. (H) TNF-α. (I) IL-17. (J) Monocyte chemo-attractant protein-
1 (MCP-1). Experimental results were expressed as mean± SD, n = 6. #p< 0.05, ##p< 0.01 compared to control group; ∗p< 0.05, ∗∗p
< 0.01 compared to Model group. ¬: Control group; : Ad-SIRT6-Control; ®: Ad-Control; ¯: Model group; °: Ad-SIRT6-Model;
±: Ad-Model; ²: Ad-SIRT6-Model-MyD88.

maining basically unchanged. Also, compared with Model
batch, the relative expression of IL-1β, IL-21, IL-22, IL-6,
IL-17, TNF-α and MCP-1 mRNA in Ad-SIRT6-Model and
Ad-SIRT6-Model-MyD88 groups decreased significantly
(p < 0.01 and p < 0.05, respectively), while the relative
expressions of above genes (at mRNA level) in Ad-Model
group remained basically unchanged. The results showed
that the expression of IL-1β, IL-21, IL-22, IL-6, IL-17,
TNF-α and MCP-1 mRNA in normal FLS cells that were
treated with recombinant rat IL-1β (10 ng/mL) increased
significantly, but their expressions could be reduced sub-
stantially after treatment with SIRT6 gene. Of note, the
expression of IL-1β, IL-21, IL-22, IL-6, IL-17, TNF-α
andMCP-1 mRNAwas markedly reduced after administra-
tion of MyD88 adenovirus (p < 0.05), which verified that
MyD88 could regulate inflammation related process of RA.
Meanwhile, compared with Control, the relative expression
of MyD88 mRNA in Model group increased significantly
(p< 0.01), while the relative expression of MyD88 mRNA
in Ad-SIRT6-Control and Ad-Control groups remained ba-
sically unchanged. In comparison with Model group, the
relative expression of MyD88 mRNA in Ad-SIRT6-Model
and Ad-SIRT6-Model-MyD88 groups decreased signifi-
cantly (p < 0.01 and p < 0.05, respectively) decreased,
but the relative expression of the same gene in Ad-Model

group did not basically change. The results showed that
the expression of MyD88 mRNA in normal recombinant
rat IL-1β (10 ng/mL) treated FLS cells increased signifi-
cantly, wherein the expression of the same gene was de-
creased substantially after treatment with SIRT6 gene. This
finding affirms that the importance of MyD88 pathway as
target for SIRT6 gene in RA regulation.

3.5 Detection of SIRT6 Protein Expression Levels

The expression of SIRT6 at protein level was mea-
sured with western blot technique. In comparison with
control, relative expression of SIRT6 protein in Ad-SIRT6-
Control group increased substantially (Mean ± SD of
SIRT6 protein expression in control group: 0.42 ± 0.02; in
Ad-SIRT6-Control group: 0.90 ± 0.01; p < 0.01), whilst
those expressions in Ad-Control, Model and Ad-Model
groups (Fig. 6) remained relatively unchanged (Mean± SD
of SIRT6 protein expression in Ad-Control group: 0.48 ±
0.01; in Model group: 0.46 ± 0.02; in Ad-Model group:
0.42 ± 0.01). Also, we observed similar expression of
SIRT6 protein in Ad-SIRT6-Control, Ad-SIRT6-Model and
Ad-SIRT6-Model-MyD88 groups (Mean ± SD of SIRT6
protein expression in Ad-SIRT6-Control: 0.90 ± 0.01;
in Ad-SIRT6-Model: 1.01 ± 0.02; in Ad-SIRT6-Model-
MyD88: 0.83 ± 0.02). Inferably, SIRT6 gene that was
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Fig. 5. Relative expression of related mRNA in RSC-364 cells after different treatments. RT-PCR analysis of relative expression
of (A) SIRT6, (B) MyD88, (C) IL-6, (D) TNF-α, (E) IL-1β, (F) IL-17, (G) IL-21, (H) IL-22, (I) MCP-1. In all experiments, GAPDH
was used as an internal control. Experimental results were expressed as mean ± SD, n = 6. # p < 0.05, ## p < 0.01 compared to control
group; ∗p < 0.05, ∗∗p < 0.01 compared to Model group. ¬: Control group; : Ad-SIRT6-Control; ®: Ad-Control; ¯: Model group;
°: Ad-SIRT6-Model; ±: Ad-Model; ²: Ad-SIRT6-Model-MyD88.

loaded with adenovirus vectors in Ad-SIRT6-Control, Ad-
SIRT6-Model and Ad-SIRT6-Model-MyD88 could be in-
troduced into cells with high protein expression. Compared
with Control group, the relative expression ofMyD88, ERK
and p-ERK proteins in Model group increased significantly
(Mean± SD ofMyD88 protein expression in control group:
0.41 ± 0.01; in model group: 0.73 ± 0.03; Mean ± SD
of ERK protein expression in control group: 0.63 ± 0.02;
in model group: 1.07 ± 0.06; Mean ± SD of p-ERK pro-
tein expression in control group: 0.45 ± 0.02; in model
group: 0.90 ± 0.04; p < 0.01), while the relative expres-
sion of the same proteins in Ad-SIRT6-Control and Ad-
Control groups remained basically unchanged. In com-
parison to Model group, the relative MyD88, ERK and
p-ERK protein expressions decreased significantly in Ad-
SIRT6-Model (Mean ± SD of MyD88 protein expression
in Ad-SIRT6-Model group: 0.54 ± 0.01; Mean ± SD of
ERK protein expression in Ad-SIRT6-Model group: 0.70

± 0.03; Mean ± SD of p-ERK protein expression in Ad-
SIRT6-Model group: 0.63 ± 0.02; p < 0.01) and Ad-
SIRT6-Model-MyD88 groups (Mean± SD of MyD88 pro-
tein expression in Ad-SIRT6-Model-MyD88 group: 0.68
± 0.05; Mean ± SD of ERK protein expression in Ad-
SIRT6-Model-MyD88 group: 0.95 ± 0.06; Mean ± SD
of p-ERK protein expression in Ad-SIRT6-Model-MyD88
group: 0.75 ± 0.01; p < 0.05), but remained basically un-
changed in Ad-SIRT6-Model group. These results demon-
strate a significantly increased expression of MyD88, ERK
and p-ERK protein in normal FLS cells that were treated
with recombinant rat IL-1β (10 ng/mL), which was re-
duced markedly after treatment with SIRT6 gene. On this
account, expression of MyD88, ERK and p-ERK protein
increased significantly after treatment with MyD88 aden-
ovirus, which confirms the significance of MyD88-ERK
pathway as target for regulating RA by SIRT6 gene.
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Fig. 6. Relative expression of related protein in RSC-364 cells after different treatments. (A) Western blot analysis of SIRT6,
MyD88, ERK and p-ERK levels. GAPDH was used as a loading control. Quantitative densitometry of SIRT6 (B), MyD88 (C), ERK
(D) and p-ERK (E) levels relative to GAPDH. ##p < 0.01 compared to control group; ∗p < 0.05, ∗∗p < 0.01 compared to Model group.
Experimental results were expressed as mean ± SD, n = 3. ¬: Control group; : Ad-SIRT6-Control; ®: Ad-Control; ¯: Model group;
°: Ad-SIRT6-Model; ±: Ad-Model; ²: Ad-SIRT6-Model-MyD88.

3.6 Effect of SIRT6 on MyD88-ERK Pathway in RA Rat
Model in Vivo
3.6.1 Ultrasonic Test Results

To understand the effect of SIRT6 on MyD88-ERK
signaling pathway, we performed ultrasonic test with the
results displayed in Fig. 7A. Ultrasound examination of
rats’ ankle joint in control showed no obvious hyperplasia
of synovium and no blood flow signal. Proliferative syn-
ovium and punctate blood flow signals were seen in the
ankle of Model rats, thus indicating successful construct
of RA model. In overexpressed SIRT6 group (Ad-SIRT6
Model), the proliferative synovium of ankle joint was not
significant when compared with RA group, amid no obvi-
ous blood flow signal, which therefore indicates that SIRT6
gene overexpression showed a good effect on RA. After the
RA rats in group Ad-model were given blank carrier, the
proliferative synovium and short linear blood flow signals
could be seen in their ankles. In Ad-SIRT6-Model-MyD88
rats, we observed no obvious hyperplasia of synovium and
no blood flow signal, which suggests the symptoms of RA
were significantly relieved, and hence SIRT6 could poten-
tially inhibit MyD88 pathway and inflammation with con-
comitant treatment of RA.

3.6.2 Thickness Test Results at the Thickest Part of
Synovium

Thickness test was also performed, wherein the re-
sult is presented in Fig. 7B. Thickness of joint synovium of
Model rats increased substantially (Mean ± SD of Thick-
ness at the thickest part of synovium in control group: 1.33

± 0.58; in model group: 6.80 ± 1.20; p < 0.01) com-
pared to control, which indicates successive replication of
RA rat model with obvious inflammatory reaction. Remis-
sion of synovial thickness of rats in Ad-SIRT6-Model group
markedly decreased (Mean± SD of Thickness at the thick-
est part of synovium in Ad-SIRT6-Model group: 3.77 ±
0.92; p < 0.01) compared to model batch, which indicates
improvement in the inflammation of RA rats after they have
received SIRT6 gene overexpression treatment. This find-
ing demonstrates that SIRT6 could play an anti RA role. At
the same time, compared with the Model group, the syn-
ovial thickness of rats in Ad-Model group did no change,
which implies that blank adenovirus had no therapeutic ef-
fect on RA. In comparison with the Model group, we ob-
served substantial decrease (Mean ± SD of Thickness at
the thickest part of synovium in Ad-SIRT6-Model-MyD88
group: 4.50 ± 0.56; p < 0.05) in the synovial thickness
of rats in Ad-SIRT6-Model-MyD88 group, which suggests
that the inflammatory symptoms of RA in rats were ob-
viously alleviated, wherein SIRT6 could regulate MyD88
pathway to inhibit RA inflammation.

3.6.3 HE Staining

Through HE staining, we observed that the synovial
morphology of rats in control was normal with cells ar-
ranged orderly, amid no synovial thickening and angiogen-
esis (Fig. 8A). Model group rats displayed severe hyperpla-
sia of synovium, obvious cell infiltration of inflammation,
visible defect and formation of pannus. The morphology
of synovium in SIRT6 overexpression group (Ad-SIRT6-
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Fig. 7. Ultrasonic Test Results. (A) Ultrasonic test results of each group. (B) Thickness measurement results of the thickest joint
synovium of rats in different groups. Scale bars = 0.25 cm. ##p < 0.01 compared to control group; ∗p < 0.05, ∗∗p < 0.01 compared to
Model group. Experimental results were expressed as mean± SD, n = 3. ¬: Control group; : Model group; ®: Ad-SIRT6-Model; ¯:
Ad-Model group; °: Ad-SIRT6-Model-MyD88.

Model) tended to be normal, whereas the cells were ar-
ranged orderly with thickened synovium but no obvious an-
giogenesis. Obviously, these results imply that SIRT6 over-
expression had a clear therapeutic effect on RA. Synovial
morphology of rats in group Ad-Model was consistent with
the Model group. In Ad-SIRT6-Model-MyD88 group, it
could also be found that the synovial tissue of rats was sig-
nificantly better than that of the Model group.

Pathological examination suggested that renal tissues
of rats in Control group showed no obvious pathological
changes with normal nuclear morphology and no inflam-
matory infiltration (Fig. 8B). However, renal tubular epithe-
lial cells of those in Model group displayed some vacuolar
degeneration, cell edema, damaged cell membranes and nu-
clei in varying degrees, coupled with obvious inflammatory

cell infiltration. Cell morphology of rat kidney in overex-
pressed SIRT6 can be observed in Fig. 8B. Likewise, we
observed similar trend when liver tissue of rats in all the
groups were stained with HE after treatments (Fig. 8C).

3.6.4 Effect of SIRT6 on Levels of Biomarkers in Sera of
RA Rats

Levels of biomarkers in sera of RA rats was studied
with ELISA testing. It was discovered that the levels of
serum IL-1β, IL-6, IL-17, IL-21, IL-22, GSH, MDA, TNF-
α and MCP-1 in Model rats increased substantially (Mean
± SD for each inflammatory markers in Model group: IL-
1β: 409.48 ± 21.72; SOD: 39.72 ± 3.00; IL-21: 12.13 ±
0.80; IL-6: 236.53 ± 18.86; MDA:29.73 ± 2.25; IL-22:
212.09 ± 15.38; GSH: 78.95 ± 5.89; TNF-α: 302.74 ±
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Fig. 8. HE staining results of rats’ tissues in different groups. Scale bars = 10 µm. (A) Synovial tissues. (B) Kidney tissues. (C)
Liver tissues. ¬: Control group; : Model group; ®: Ad-SIRT6-Model; ¯: Ad-Model group; °: Ad-SIRT6-Model-MyD88.

Fig. 9. ELISA results of serum from different groups of rats. (A) IL-1β. (B) SOD. (C) IL-21. (D) LDH. (E) IL-6. (F) MDA. (G)
IL-22. (H) TNF-α. (I) IL-17. (J) MCP-1. Experimental results were expressed as mean ± SD, n = 6. ##p < 0.01 compared to control
group; *p < 0.05, **p < 0.01 compared to Model group. ¬: Control group; : Model group; ®: Ad-SIRT6-Model; ¯: Ad-Model
group; °: Ad-SIRT6-Model-MyD88. ELISA, enzyme linked immunoassay.

22.79; IL-17: 21.09 ± 1.44; MCP-1: 5.06 ± 0.34; Mean
± SD for each inflammatory markers in control group: IL-
1β: 71.14 ± 3.72; SOD: 151.41 ± 11.66; IL-21: 4.08 ±
0.31; IL-6: 38.76± 2.52; MDA:7.86± 0.51; IL-22: 121.35

± 7.91; GSH: 19.45 ± 1.59; TNF-α: 116.83 ± 8.14; IL-
17: 5.83 ± 0.38; MCP-1: 2.03 ± 0.14; p < 0.01) com-
pared to Control (Fig. 9), whilst SOD level decreased in
serum of Model rats. This showed that the constructed
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Fig. 10. Levels of related SIRT6 and MyD88 mRNA expressions in different groups of rats. RT-PCR analysis of relative expression
of (A) SIRT6, (B) MyD88, (C) IL-6, (D) TNF-α, (E) IL-1β, (F) IL-17, (G) IL-21, (H) IL-22, (I) MCP-1. In all experiments, GAPDH
was used as an internal control. Experimental results were expressed as mean ± SD, n = 6. ##p < 0.01 compared to control group; ∗p
< 0.05, ∗∗p < 0.01 compared to Model group. ¬: Control group; : Model group; ®: Ad-SIRT6-Model; ¯: Ad-Model group; °:
Ad-SIRT6-Model-MyD88.

model method could successfully establish RA model. In
comparison with Model group, serum levels of the above-
mentioned inflammatory mediators and SOD in Ad-Model
remained basically unchanged, thus indicating blank ade-
novirus vector had no effect on RA inflammation. Com-
pared with Model group, we found that the levels of serum
IL-1β, IL-21, IL-22, IL-6, IL-17, GSH, MDA, TNF-α and
MCP-1 in group Ad-SIRT6-Model decreased substantially
(Mean ± SD for each inflammatory markers in Ad-SIRT6-
Model group: IL-1β: 182.45 ± 9.75; IL-21: 6.63 ± 0.41;
IL-6: 82.06 ± 6.75; MDA:11.64 ± 0.83; IL-22: 151.37 ±
11.31; GSH: 31.48 ± 2.56; TNF-α: 178.08 ± 12.43; IL-
17: 7.83± 0.56; MCP-1: 3.88± 0.28; p< 0.01), while the
level of serum SOD in Ad-SIRT6-Model group increased
markedly (Mean± SD of SOD in Ad-SIRT6-Model group:
118.9 ± 8.94, p < 0.01). In addition, serum levels of IL-
1β, IL-21, IL-22, IL-6, IL-17, GSH, MDA, TNF-α and
MCP-1 in Ad-SIRT6-Model-MyD88 group decreased sig-
nificantly (Mean ± SD for each inflammatory markers in
Ad-SIRT6-Model-MyD88 group: IL-1β: 293.61 ± 60.05;

IL-21: 10.75± 0.96; IL-6: 207.50± 22.45; MDA:25.13±
4.50; IL-22: 188.13 ± 12.27; GSH: 70.70 ± 4.79; TNF-α:
243.52± 27.47; IL-17: 18.96± 1.35; MCP-1: 4.46± 0.46;
p< 0.05 or p< 0.01) compared to Model, while SOD level
in Ad-SIRT6-Model-MyD88 rat serum increased signifi-
cantly (Mean ± SD of SOD in Ad-SIRT6-Model-MyD88
group: 79.18± 8.93, p< 0.01). The results collectively af-
firm that treatment of RA rats with SIRT6 adenovirus could
significantly inhibit inflammation. Consequently, SIRT6
could still regulate MyD88 induced activities of serum IL-
1β, IL-21, IL-22, IL-6, IL-17, GSH,MDA, TNF-α, MCP-1
and SOD to a certain extent.

3.6.5 Detection of SIRT6 and MyD88 mRNA Expressions
in RA Rats

Relative expression of SIRT6mRNA in the sera of rats
in Model group decreased (Mean ± SD of SIRT6 in con-
trol group: 1.00 ± 0.24; in Model group: 0.69 ± 0.10; p
< 0.01) compared to control (Fig. 10), which suggests dis-
turbed and decreased relative expression of SIRT6 mRNA
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Fig. 11. Expression levels of related proteins in distinct groups of rats. (A) Related expression levels of protein in different groups;
Quantitative densitometry of SIRT6 (B), MyD88 (C), ERK (D), p-ERK (E), MEK (F) and p-MEK (G) levels relative to GAPDH. ##p <
0.01 compared to control group; ∗p < 0.05, ∗∗p < 0.01 compared to Model group. Experimental results were expressed as mean ± SD,
n = 3. ¬: Control group; : Model group; ®: Ad-SIRT6-Model; ¯: Ad-Model group; °: Ad-SIRT6-Model-MyD88.

in serum of RA rats. Through comparison with Model rats,
we observed substantially (Mean ± SD of SIRT6 in Ad-
SIRT6-Model group: 3.33 ± 0.23; in Ad-SIRT6-Model-
MyD88 group: 3.07 ± 1.32; p < 0.01) increased relative
expression of SIRT6 mRNA in Ad-SIRT6-Model and Ad-
SIRT6-Model-MyD88 groups. It was showed that SIRT6
gene loaded by adenovirus vectors in Ad-SIRT6-Model and
Ad-SIRT6-Model-MyD88 groups can be carried into rats
with high expression. In addition, compared to Control,
the relative expression of serum IL-1β, IL-21, IL-22, IL-
6, IL-17, TNF-α and MCP-1 mRNA in Model group in-
creased significantly (Mean ± SD of related genes in Con-
trol group: IL-6: 1.00± 0.13; TNF-α: 1.00± 0.32; IL-1β:
1.00± 0.24; IL-17: 1.00± 0.24; IL-21: 1.00± 0.31; IL-22:
1.00 ± 0.30; MCP-1: 1.00 ± 0.18; in model group: IL-6:
1.62± 0.19; TNF-α: 3.00± 0.23; IL-1β: 2.04± 0.29; IL-
17: 3.14 ± 0.48; IL-21: 1.61 ± 0.22; IL-22: 2.19 ± 0.22;
MCP-1: 1.30 ± 0.14; p < 0.01). Also, we observed sub-
stantial decreased relative expression of serum IL-1β, IL-
21, IL-22, IL-6, IL-17, TNF-α and MCP-1 mRNA in Ad-
SIRT6-Model (Mean ± SD of related genes in Ad-SIRT6-
Model group: IL-6: 0.89 ± 0.11; TNF-α: 1.52 ± 0.21;
IL-1β: 0.91 ± 0.11; IL-17: 1.60 ± 0.35; IL-21: 0.71 ±
0.10; IL-22: 1.12 ± 0.15; MCP-1: 0.50 ± 0.07; p < 0.01)
and Ad-SIRT6-Model-MyD88 groups (Mean ± SD of re-
lated genes in Ad-SIRT6-Model-MyD88 group: IL-6: 1.15
± 0.30; TNF-α: 2.19 ± 0.82; IL-1β: 1.41 ± 0.65; IL-17:
2.38± 0.60; IL-21: 1.21± 0.28; IL-22: 1.73± 0.31; MCP-
1: 0.96 ± 0.31; Mean ± SD of related genes in Ad-Model
group: IL-6: 1.50 ± 0.35; TNF-α: 3.03 ± 0.43; IL-1β:
2.05 ± 0.32; IL-17: 2.96 ± 0.42; IL-21: 1.61 ± 0.22; IL-
22: 2.19 ± 0.24; MCP-1: 1.22 ± 0.19; p < 0.05 or p <

0.01) compared to Model group with their relative expres-
sions in Ad-Model group remaining basically unchanged.

These findings indicate that the expression of serum IL-1β,
IL-21, IL-22, IL-6, IL-17, TNF-α andMCP-1mRNA could
be reduced significantly after treatment with SIRT6 gene.
Meanwhile, the expression of the above-mentioned genes at
mRNA level was still significantly reduced after adminis-
tration ofMyD88 adenovirus (p< 0.05), which verified that
MyD88 could regulate inflammation in RA. Meanwhile,
compared with group Control, the relative expression of
serum MyD88 mRNA in Model group increased signifi-
cantly (Mean ± SD of MyD88 in Control group: 1.00 ±
0.30; inModel group: 4.01± 0.44; p< 0.01). However, the
relative expression of serum MyD88 mRNA in Ad-SIRT6-
Model (Mean± SD of MyD88 in Ad-SIRT6-Model group:
1.98 ± 0.39; p < 0.01) and Ad-SIRT6-Model-MyD88 de-
creased significantly (Mean± SD of MyD88 in Ad-SIRT6-
Model-MyD88 group: 2.72 ± 0.92; p < 0.01) compared
to Model group, but remained basically unchanged in Ad-
Model group. Altogether, expression of serum MyD88
mRNA could be substantially reduced after treatment with
SIRT6, which affirm the importance of MyD88 pathway to
the regulatory role of SIRT6 gene in RA.

3.6.6 Detection of SIRT6 and MyD88 Proteins Expression
in RA Rats

Through comparative analysis, we observed that rel-
ative SIRT6 protein expression in serum of rats in Ad-
SIRT6-model increased significantly (Mean± SDof SIRT6
protein expression in control group: 0.33±0.02; in Ad-
SIRT6-Model group: 0.86 ± 0.04; p < 0.01, Fig. 11)
compared to control, but that of Ad-Model remained un-
changed. Likewise, relative expression of serum SIRT6
protein in Ad-SIRT6-Model and Ad-SIRT6-Model-MyD88
groups increased substantially (Mean ± SD of SIRT6 pro-
tein expression in Ad-SIRT6-Model-MyD88 group: 0.82
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± 0.06; p < 0.01). Also, upon comparison with Con-
trol, we discovered that MyD88, ERK, p-ERK, MEK and
p-MEK protein expressions in serum of Model rats rela-
tively increased (Mean ± SD of related proteins expres-
sion in control group: MyD88: 0.36 ± 0.02; ERK: 0.21
± 0.02; p-ERK: 0.31 ± 0.02; MEK: 0.18 ± 0.02; p-MEK:
0.11 ± 0.03; in Model group: MyD88: 0.93 ± 0.02; ERK:
1.12 ± 0.03; p-ERK: 1.34 ± 0.07; MEK: 0.85 ± 0.06; p-
MEK: 0.79 ± 0.03; p < 0.01). In compared with Model
group, the relative expression of serum MyD88, ERK, p-
ERK,MEK and p-MEKprotein in Ad-SIRT6-Model (Mean
± SD of related proteins expression in Ad-SIRT6-Model
group: MyD88: 0.49 ± 0.04; ERK: 0.54 ± 0.09; p-ERK:
0.41± 0.03; MEK: 0.20± 0.04; p-MEK: 0.25± 0.03; p<
0.01) and Ad-SIRT6-Model-MyD88 groups decreased sig-
nificantly (Mean ± SD of related proteins expression in
Ad-SIRT6-Model-MyD88 group: MyD88: 0.76 ± 0.05;
ERK: 0.81 ± 0.03; p-ERK: 1.18 ± 0.03; MEK: 0.72 ±
0.06; p-MEK: 0.73 ± 0.05; p < 0.05), but did not basi-
cally change in Ad-SIRT6-Model group. Hence, the ex-
pression of serum MyD88, ERK and p-ERK, MEK and p-
MEK protein could be markedly reduced after SIRT6 treat-
ment. Overall, the expression of serum MyD88, ERK and
p-ERK, MEK and p-MEK protein increased significantly
after treatment with MyD88 adenovirus, which confirms
the significance of MyD88-ERK pathway in the regulation
of RA by SIRT6.

4. Discussion
As a common joint disease of chronic inflammation,

RA exhibits characteristics like synovitis and hyperplasia
of synovium, cartilage degeneration and bone destruction
[37], which seriously affects patients’ well-being. Inci-
dence rate of RA is mainly high in the thirtieth to fifti-
eth years of age [38], albeit occurring at any age. In-
creased production of inflammatory cytokines by synovial
cells, namely TNF-α and IL-1β, which play an impor-
tant role in RA pathogenesis and are centrally link to RA
[39]. Currently, prevention and alleviation of RA has been
successful because of sustained disease modifying anti-
rheumatic drugs (DMARDs) development [40]. However,
these DMARDS are not effective in some RA patients and
as a result there is unmet need for novel therapeutic targets.
In this regard, this work sought to explore the mechanistic
effect of SIRT6 on RA. The RA has a complex pathogenesis
which involves genes interacting with the environment, and
consequently culminates in immune tolerance collapse cou-
pled with inflammation of the synovia [41,42]. Notwith-
standing, intracellular signaling like MyD88 and ERK has
been implicated in the pathogenesis of RA. As an impor-
tant component of downstream cascade signaling of inter-
active IL-1β/IL-1 receptor, Myd88 is reported to converge
with NF-κB pathway (canonical) ultimately and result in
promotion of amplified production of inflammatory factor
in RA [43]. On the other hand, the involvement of ERK

in RA pathogenesis is mainly through the activation of the
pathway in RA-FLS [44]. Of note, ERK activation has
been described to increase in RA patients, thereby affirming
the significance of the pathway in the pathological process
of the disease [45]. Besides, existing studies have proven
that SIRT6 is a principal regulatory protein of inflammation
and aging diseases, which plays crucial roles in regulating
multiple pathways of inflammation, wherein it has the po-
tential to inhibit inflammation development [46]. In RA,
SIRT6 has been reported to exhibit anti-inflammatory ac-
tivity by blocking NF-κB pathway wherein it can reduce
inflammation and tissue destruction. In agreement to the
above phenomenon, we observed a significant decrease in
SIRT6 expression in RA patients compared to normal vol-
unteers. This phenomenon can be ascribable to the in-
creased expressions of pro-inflammatory factors like TNF-
α or high expression of long-noncoding RNAs (IncRNA)-
plasmacytoma-variant translocation-1 (PVT-1), which low-
ers Sirt6 expression via methylation of the deacetylase pro-
tein in RA-FLS and synovial tissues of RA patients [35,36].
Existing literature has posited that TNF-α-activated en-
dothelial cells (ECs) demonstrated decreased Sirt6 expres-
sion in a dose dependent fashion [35]. Besides, the activa-
tion of ECs in RA by increased levels of pro-inflammatory
mediators has also been described by other works [47].
These observations affirm that inflammation in RA com-
prised of complex cascade of pro-and anti-inflammatory
factors [48]. Further, other authors discovered that Sirt6
expression was reduced by increased IncRNA-PVT-1 ex-
pression in synovial tissue and RA-FLS of RA rats [36]. In
that work, low expression of Sirt6 in RA rats was as a re-
sult of recruitment of DNAmethyl transferases to promoter
region of Sirt6 and subsequent methylation of the protein
by PVT-1. Based on the above findings, our future studies
will comprehensively investigate the potential pathomecah-
nistic roles of PTV-1 and the actual mechanisms underlying
the effect of TNF-α on Sirt6 expression in RA-related cells.

In support of the anti-inflammatory activity of Sirt6,
other works have shown that treatment with SIRT6 ade-
novirus could significantly reduce concentrations of pro-
inflammatory mediators at local and systemic levels [49].
Herein, we observed increased level of MCP-1, IL-1β, IL-
21, IL-22, IL-6, IL-17, LDH, MDA and TNF-α expres-
sions in RA model group compared to control group, albeit
decreased SOD expression. Notably, the reverse of afore-
mentioned results was observed when RA-FLS cells were
treated with overexpressed SIRT6. It is obvious that pro-
inflammatory mediators will increase in a typical disease of
chronic inflammation like RA. Also, a decreased SOD lev-
els in RA may be ascribed to overproduction of superoxide
anion (O2

•−) in the inflammatory disease, wherein an at-
tempt to physiologically defend against the oxidative stress
culminate in reduced antioxidant protein [50]. Further,
overexpression of SIRT6 reduced the above-mentioned pro-
inflammatory markers, which affirms the potential of the
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protein to suppress inhibition of such factors [51]. Previ-
ous studies have shown that MyD88 dependent pathway
plays a major role in TLR4 mediated pathway [28], which
has been shown to pontially promote joint inflammation via
binding of various endogenous ligands [52]. Also, existing
work has discovered the activation of ERK pathway in the
RA-FLS and its subsequent involvement in the pathological
process and destruction of RA [44]. Also, overexpressed
Sirt6 increased ERK phosphorylation in Huh cells [53]. Of
note, the therapeutic role of SIRT6 in RA via MyD88-ERK
pathway regulation has not been reported yet. Hence, we
decided to detect the expression of MyD88-ERK pathway
at mRNA and protein levels to predict the potential role of
SIRT6 in RA.MyD88 deregulation and its downstream cas-
cade are associated with chronic inflammation in RA [54,
55]. Another work [54] has reported that streptococcal cell
wall (SCW)-induced arthritis mainly depended on MyD88
and TLR2 in mice that lacked MyD88 did not develop
SCW-induced arthritis, wherein local pro-inflammatory cy-
tokines levels in the mouse synovial tissue decreased sig-
nificantly. Similar report [55] also detected synovial cells
from RA tissue, wherein overexpressed MyD88 substan-
tially down-regulated cytokines in RA. Aside, ERK path-
way, as a representative member of MAPK family, has
also been proven to associate closely with inflammation
regulation [56]. MEK (MAPkinasekinase) is a member of
map2k and an upstream ERK1/2 signal [57]. An ERK ac-
tivation by MEK phosphorylation is core element down-
stream of the pathway. Thus, phosphorylated ERK (p-
ERK) is one of the active cell function biomarkers [58].
Blocking of ERK activation by administering MEK in-
hibitor (PD184352) to CIA rats could improve joint le-
sions [59]. Another study [60] found that overexpressed
SIRT6 could inhibit the level of ERK1/2 phosphorylation.
Thus, suppression of MyD88-ERK pathway in inflamma-
tion may contribute to RA progress. Also, it seems rela-
tionship between SIRT6 and MyD88 has not been clearly
established. Notwithstanding, a relationship exists between
overexpressed SIRT6 and NF-κB pathway [61], wherein
the latter is activated by TLR4 via MyD88-dependent path-
way [62]. Therefore, we therefore assumed that SIRT6may
have an association with MyD88-ERK pathway. In this re-
gard, we observed increased of MyD88, ERK and p-ERK
proteins expressions with concomitant decreased Sirt6 pro-
tein expression in RA patients. Also, in vitro cell study
demonstrated significantly increased MyD88 mRNA ex-
pression in RA-FLS cells. These findings may affirm the
inflammatory role of MyD88-ERK pathway in contribut-
ing to development and destructive processes of human RA
[63]. Available literature has suggested the potential of
overexpressed SIRT6 to suppress inflammation and dam-
aged bone in mouse model of collagen-induced arthritis
[24]. Thus, SIRT6 overexpression can substantially re-
duce MyD88 expression, and inhibit expression and phos-
phorylation of ERK and MEK proteins, which ultimately

suppress MyD88-ERK pathway and alleviate inflammation
in RA. Despite the above promising findings, this study
is limited to some extent. In the first place, the actual
mechanism underlying the interaction between SIRT6 and
MyD88-ERK pathway is not known. Also, the downstream
and upstream of the constituents of MyD88-ERK pathway
have not been established. Besides, the effect of SIRT6
on the supposed components of MyD88-ERK pathway was
also not studied. Hence, future works will seek to compres-
sively investigate the underlying prospects to fully under-
stand the beneficial role of SIRT6 in RA treatment.

5. Conclusions
In conclusion, we successfully studied the effect and

mechanism of SIRT6 on RA. We established that SIRT6
was lowly expressed in RA patients’ sera with an increase in
related inflammatory factors in RA-FLS cells and RA rats.
But our study discovered that overexpressed SIRT6 sub-
stantially decreased the above factors. Also, we observed
increased mRNA and protein expression of MyD88 in RA-
FLS cells and RA rats, which was reversed after SIRT6 was
overexpressed. Additionally, we found that SIRT6 expres-
sion could inhibit ERK pathway by inhibiting the activi-
ties of ERK and MEK. Likewise, SIRT6 overexpression
reduced inflammatory injury in RA through inhibition of
MyD88-ERK signaling pathway. Based on the aforemen-
tioned findings, we intend to focus our not-too distant future
research works on activation and up-regulation of SIRT6
expression, coupled with exploration of natural agonists or
chemically synthesized activators of SIRT6 for suppression
of RA progression via MyD88-ERK signal pathway.
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