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ABSTRACT:Growth differentiation factor 11 (GDF11), a keymember of the TGF-b superfamily, plays critical roles in
variousmedical conditions. Recently, GDF11was found to suppress the nuclear factor kappa-light-chain-enhancer
of activatedBcells (NF-kB) signalingpathwayandprotect against inflammation.This studyaimed to investigate the
role of GDF11 in the development of rheumatoid arthritis (RA). We demonstrated that GDF11 treatment antago-
nized TNF-a–induced inflammation in macrophages. Moreover, GDF11 inhibited the development of arthritis in
the collagen-induced arthritis and collagen antibody–induced arthritis models. Local gene transfer of GDF11 via
adeno-associated virus exerted therapeutic effects, while local knockdown of GDF11 exaggerated inflammation in
our collagen-induced arthritis model, as detected by expression levels of inflammatory biomarkers and the de-
struction of joint structures. Additionally, the results from both in vitro experiments and luciferase reporter gene
mouse experiments implied that the NF-kB pathwaymight play a critical role in the therapeutic effect of GDF11 in
RA. This study presentsGDF11 as a potential target for the treatment of inflammatory arthritis, including RA.—Li,
W.,Wang,W., Liu, L., Qu, R., Chen, X., Qiu, C., Li, J., Hayball, J., Liu, L., Chen, J., Wang, X., Pan, X., Zhao, Y. GDF11
antagonizes TNF-a–induced inflammation and protects against the development of inflammatory arthritis inmice.
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Growth differentiation factor 11 (GDF11) is a keymember
of thebonemorphogenetic protein subfamily of theTGF-b
superfamily (1, 2). These proteins play critical roles in
embryonic development, skeletalmetabolism, andmuscle

formation (3–5). GDF11 has attracted considerable atten-
tion from researchers because of its contradictory re-
lationship with aging (6–9). For example, Poggioli et al.
(10) reported that the administration of recombinant
GDF11 (rGDF11) reversed cardiac hypertrophy in aging
mice. Furthermore, GDF11 promoted the recovery of re-
nal and cardiac function in elderly mice (11). Recent re-
search suggested that GDF11 might be associated with
inflammatory reactions (12). However,whether GDF11 is
involved in inflammatory arthritis and the underlying
mechanisms remains to be determined.

Rheumatoid arthritis (RA) is a chronic systemic auto-
immune disease characterized by pain, swelling, in-
flammationof the synovial joints, andprogressive cartilage
damage (13). One percent of the global population has RA
andexperiences joint destruction, pain, and loss of function
(14). Although the nosogenesis and underlying mecha-
nisms of this disease are still not fully understood, it is
accepted that inflammatory cytokines are critical for the
induction of damage (13). Recently, the attenuation of in-
flammatory reactions has become a focus of research
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within the field of RA (15). It iswidely believed that TNF-a
plays an important role in the pathogenesis of in-
flammatory arthritis (15). The collagen-induced arthritis
(CIA) mouse model and the collagen antibody–induced
arthritis (CAIA) mouse model are often used in RA re-
search (16, 17), and macrophages can be investigated in
these models (18, 19).

Gene therapy is thought to be a potential method for
targeted therapy (20), such as gene therapy using virus
vectors (21, 22). Because of the safety and selectivity of
adeno-associated virus (AAV), AAV was chosen as a
carrier to investigate the function of various molecules in
animal models (23). This virus has been used for the local
delivery of GDF11 as an AAV vector (AAV-GDF11) to
protect against atherosclerosis in mice (12). However, it is
still unknownwhether AAV-GDF11 affects inflammatory
arthritis.

The purpose of this study was to determine whether
GDF11 can antagonize the inflammatory response asso-
ciated with RA and exert therapeutic effects on joint de-
struction; to study the underlying mechanisms involved;
and to analyze the effects of local GDF11 knockdown or
transgene expression mediated by AAV.

MATERIALS AND METHODS

Mice

Twelve-week-oldmaleDBA/1Jmice purchased fromVital River
Laboratory Animal Technology (Beijing, China) were raised in
accordancewith institutional guidelinesandwith theapproval of
the Institutional Animal Care and Use Committee of Shandong
University. Ten-week-old male wild-type (WT) BALB/c mice
and BALB/c mice with nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) genetically engineered to
express the firefly luciferase gene (NF-kB-RE-luc) were provided
by theNational ResourceCenter ofModelMice (Nanjing, China)
and maintained by the Institutional Animal Care and Use
Committee of Shandong University. All animal experiments
were approved by the Shandong University Animal Care and
Use Committee (Shandong, China).

Generation and characterization of AAV

AAV9-GDF11, which induces elevated expression of the target
protein, was produced and purified, and the vector genometiter
was determined by GeneChem (Shanghai, China). The structure
of the GV143 vector is shown in Supplemental Fig. S1A; the gene
orderwas detected as described in Supplemental Table S1. Three
GDF11 small interfering (si) RNAmolecules were used to knock
down GDF11 expression in 293T cells; their sequences are pre-
sented in Supplemental Table S2. After aWestern blot assay, the
most effective vector (61354-1) was selected to construct the
AAV9-siRNA. The selected vector was GV478, whose structure
was U6-MCS-CAG-EGFP, as shown in Supplemental Fig. S1B.

AAV injection and CIA model

The CIAmodel was constructed as previously described (13, 24,
25). First, bovine type II collagen (Chondrex, Seattle, WA, USA),
and an equal volume of complete Freund adjuvant (Milli-
poreSigma, Burlington, MA, USA) was mixed well on ice to
prepare an emulsion. Ten-week-old male DBA/1J mice were

divided into4groups (n=7, 14 legspergroup), as follows:AAV9-
GDF11, AAV9-siGDF11, AAV9-GFP, and control groups. The
AAV9-GDF11, AAV9-siGDF11, and AAV9-GFP groups were
injected with AAV9-GDF11, AAV9-siGDF11, and AAV9-GFP,
respectively, in the ankle joint and paw before CIA was estab-
lished. After 14 d, on d 0 of model induction, the 3 groups were
injected at the base of the tail with 200 ml of the prepared emul-
sion. At the same time, the control group was injected an equal
volume of PBS using the same methods. To initiate a secondary
immune response, a second injection of vector was administered
on d 21.

CIA model and rGDF11 injection

In the next step, 18DBA/1Jmicewere divided into 3 groups (n =
6): a control group,aPBSgroup,andan rGDF11 treatmentgroup.
In the PBS group and the rGDF11 treatment group, primary
immunizationwas performed as previously described,while the
mice in the rGDF11 treatment group were injected with
recombinant GDF11 (0.1 mg/kg) (PeproTech, Rocky Hill, NJ,
USA) every 2 d. At the same time, the control group and the PBS
groupwere injectedwith an equal volume of PBS using the same
methods.A secondary immune responsewas induced in the PBS
group and rGDF11 treatment group after 21 d, as previously
described,while the control groupwas treatedwithPBSalone.At
this time clinical arthritis scores were evaluated using a graded
scale, as previously described (15). On d 42, the mice were
anesthetized, and serum and tissues were collected for analysis.

CAIA model and recombinant rGDF11 injection

As described in the protocol of the CAIA kit, the mice in the PBS
group and the rGDF11 treatment group were injected with a
150ml (1.5mg) cocktail of collagen type 2 antibodies (Chondrex,
Redwood,WA, USA) via the tail vein (26). At the same time, the
mice in the control groupwere injected with an equal volume of
PBS. On d 3, themice in the PBS group and the GDF11 treatment
group received an intraperitoneal injection of LPS (10mg), while
themice in the control groupwere injectedwith an equal volume
of PBS. Then the mice in the treatment group were injected with
recombinant GDF11 (100mg/kg) (PeproTech) every 2 d fromd 3
to d 8. At the same time, the control group and PBS group were
injected with an equal volume of PBS using the same methods.

In vivo imaging studies

After anesthesia by 10% chloral hydrate, the green fluorescent
protein (GFP) signal at the injection sites in each mouse was
measuredusinganoptical imagingsystem(Bio-Rad,Hercules,CA,
USA). ForNF-kB-RE-lucmice, themice receivedan intraperitoneal
injection of D-luciferin (150 mg/kg) (MilliporeSigma) after anes-
thesia. After 30min, the fluorescence of themicewasmeasured by
an optical imaging system (27).

Isolation and culture of bone
marrow–derived macrophages

Bone marrow–derived macrophages (BMDMs) were isolated
from WT mice as previously described (13, 15). Briefly, bone
marrow cells were isolated frommouse femurs and tibias. After
centrifugation at 1300 rpm for 3 min, red blood cell lysis was
performed.Thebonemarrowcellswerecultured inMEM(Gibco;
Thermo Fisher Scientific, Waltham, MA, USA) containing fetal
bovine serum (10%) (Gibco; Thermo Fisher), penicillin (1%)
(HyClone, Logan, UT, USA), and streptomycin (1%) (HyClone).
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Next, the bone marrow cells were differentiated into macro-
phages after stimulation with granulocyte–macrophage colony-
stimulating factor (PeproTech) (40 ng/ml) for 8 d.

Nitrite production assay

The Griess assay was performed as previously described to de-
terminewhetherGDF11 inhibits TNF-a–mediated inflammatory
reactions in BMDMs (15). In brief, BMDMs were cultured in 96-
well flat-bottom plates (1 3 105 cells per well) with 10 ng/ml
TNF-a (R&D Systems, Minneapolis, MN, USA) for 72 h in the
absence or presence of the indicated amounts of GDF11. The cell
culture supernatants were collected and tested for NO using the
Griess reaction.

Histopathologic examination of joints

After collection, paw samples were fixed in a formaldehyde so-
lution for at least 7 d. Before paraffin embedding, the paw sam-
ples were submerged in 10% EDTA for decalcification until
demineralization.Sections (5mm)were stainedwithhematoxylin
and eosin (HE); the extent of synovitis, pannus formation, and
bone/cartilage destructionwas determined using a graded scale
as previously described (15). To investigate osteoclast bone re-
sorption activity in mice with CIA, the sections were stained
using a tartrate-resistant acid phosphatase (TRAP) staining kit
(Beyotime Biotechnology, Haimen, China). Then immunohisto-
chemistry with the indicated biomarkers was carried out. Sec-
tions were pretreated with compound digestive juice (AR0022;
Boster Biologic Technology, Wuhan, China) for 30 min at 37°C.
Next, goat serumwas used to block nonspecific proteins at room
temperature for30min.The sectionswere then incubatedwithan
anti-iNOS antibody (diluted 1:200; Santa Cruz Biotechnology,
Dallas, TX, USA) and an anti–p-IkBa antibody (1:200 dilution;
Santa Cruz Biotechnology) for 1.5 h at 37°C. Detection was per-
formed using an enhanced polymer detection system kit (Beijing
Zhongshan Golden Bridge Biotechnology, Beijing, China)
according to the manufacturer’s instructions. The sections were
observed by light microscopy, and images were collected with a
digital data acquisition system (Thermo Fisher).

Real-time PCR

Total RNA was extracted from BMDMs, CIA mice, and CAIA
mice in all groupswith an RNeasy kit (Beyotime Biotechnology).
RNAwas reverse transcribed using an RT-for-PCR kit (Vazyme
Biotech, Nanjing, China) according to the manufacturer’s in-
structions.Real-timePCRwasperformedwithSYBRGreen Idye.
The sequence-specific primers used in this experiment were
synthesized by Sangon Biotech (Shanghai, China) and are listed
in Supplemental Table S3. Each PCR product was verified by
melting curveanalysis, andall experimentswere repeatedat least
3 times.

Western blot analysis

Total protein was extracted from BMDMs and metatarsal joints
from each experimental and control group using RIPA lysis
buffer (Beyotime Biotechnology) mixed with 1% PMSF (Beyo-
time Biotechnology) and 1% protease and phosphatase inhibitor
cocktail for general use (BeyotimeBiotechnology). To destroy the
3-dimensional structure, the protein was heated at 100°C for
10minwith loading buffer (Thermo Fisher). Then, proteinswere
resolved on a 10% SDS-PAGE gel (Beyotime Biotechnology) and
electroblotted onto a nitrocellulose membrane. After blocking in

5%nonfat drymilk inTris-buffered salinewithTween20 (10mM
Tris-HCl, pH8.0; 150mMNaCl; and 0.5%Tween 20), the protein
blots were incubated with antibodies specific for iNOS (diluted
1:1000, ab3523; Abcam, Cambridge, United Kingdom), cyclo-
oxygenase 2 (COX-2; diluted 1:1000; Santa Cruz Biotechnology),
p-IkBa (diluted 1:1000; Cell Signaling Technology, Danvers,
MA,USA), andGDF11 (diluted 1:5000, ab124721;Abcam) for 1 h.
After washing, a horseradish peroxidase–conjugated secondary
antibody (1:2000 dilutions) was added, and the blots were de-
tected using an ECL system.

Reporter gene assay

A reporter gene assay was performed as previously described,
with modifications, to examine whether GDF11 inhibited the
TNF-a–mediated transactivation of NF-kB-dependent reporter
genes (28). BMDMs were grown to 50% confluence and then
transfectedwith 1mgof thep6XNF-kB-Luc reporter plasmid and
1 mg of the pSVGal plasmid (internal control) using the Lip-
ofectamine2000 reagent (Invitrogen; ThermoFisher). Forty-eight
hoursafter transfection, thecellswere starvedovernight andthen
stimulated for 6 h with 10 ng/ml TNF-a in the presence or ab-
sence of various doses of GDF11. Luciferase activity was then
measured.

Statistical analysis

To compare various treatment groups, unpaired t tests (Mann-
Whitney), paired t tests, and 1-way or 2-way ANOVA (where
appropriate) were performed. For ANOVA, Bonferroni post hoc
analysis was used to compare treatment groups. Statistical
analysis was performed by GraphPad Prism 4.01 (GraphPad
Software, La Jolla, CA, USA). Statistical significance was
achieved when P, 0.05.

RESULTS

Recombinant GDF11 inhibits inflammatory
reactions in vitro

GDF11has been reported to protect against inflammation,
and TNF-a plays an important role in inflammation (12,
14, 29). This finding prompted us to study the interaction
between GDF11 and the TNF-a/tumor necrosis factor
receptor (TNFR) signaling pathway. Coimmunoprecipi-
tationwasperformed inBMDMs, andas shown inFig. 1A,
B, GDF11 interacted with TNFR1 and TNFR2. This result
ledus to further investigate theprotective effects ofGDF11
in vitro.

BMDMs were isolated fromWTmice and then treated
with TNF-a and 50 ng/ml rGDF11 for 12 h, followed by
real-time PCR. Figure 1C–F shows that the levels of in-
flammatory cytokines, including IL-1b, IL-6, iNOS, and
COX-2, were enhanced after stimulationwith TNF-a, and
this effect was antagonized by rGDF11. Moreover, the
conditionedmediumwas collected from all groups at 72 h
was and assayed byELISA. Figure 1G,H indicates that the
elevated levels of IL-1b and IL-6 induced by TNF-a were
significantly reduced after treatment with rGDF11. Next,
mRNAand totalproteinwere collected fromBMDMs, and
real-time PCR andWestern blot analysis were performed
to determine whether TNF-a–mediated oxidative stress
was inhibited by rGDF11. As shown in Fig. 1I–K, TNF-a
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markedly increased the expression levels of iNOS and
COX-2, and this effect of TNF-a was significantly sup-
pressed by the expression of GDF11. Additionally, Griess
experiments were performed, and Fig. 1L shows that
BMDMs produced less nitrite when stimulated by TNF-a
in the presence of rGDF11. Collectively, these results
demonstrate that rGDF11 suppressed TNF-a–induced
inflammation in vitro.

Recombinant GDF11 protects against
development of arthritis in CIA model

TheCIAmodel iswidely used in studies of RA (13). In this
study, the CIA model was established in DBA/1J mice,
and the paws of the rGDF11 treatment group showed at-
tenuated swelling compared to those of the PBS group
(Fig. 2A). Clinical scoring of arthritis in the CIA model
indicated that rGDF11 significantly impeded the devel-
opment of arthritis (Fig. 2B). Furthermore, the metatarsal
joints of themicewere collected at the 42 d time point, and

histologic analyseswere then performed.As shown in Fig.
2C, the severe synovitis, pannus, and erosion in the CIA
modelwere diminished byGDF11 treatment, as indicated
by a statistical grading system (Fig. 2D–F). Moreover, the
synovium of the metatarsal joints and the serum were
collected from each group, and real-time PCR, Western
blot analysis, and ELISA were performed. The mRNA
levels of inflammatory cytokines, including IL-1b, TNF-a,
IL-6, matrix metalloproteinase 3 (MMP-3), iNOS, and
COX-2, in the CIA mouse model were markedly lower
after treatmentwith rGDF11 (Fig. 2G–L). Furthermore, the
circulating levels of IL-1b, TNF-a, and IL-6 were greatly
reduced in the CIA model after rGDF11 treatment (Fig.
2M–O). Moreover, rGDF11 significantly reduced the
protein levels of iNOS and COX-2 in the joint tissue (Fig.
2P, Q).

Inflammatorybonedestruction is known tobe a feature
of RA (30). In this study, the ankle joints were collected,
and we then performed micro–computed tomography
(mCT). Figure 2R indicates that the severe bone damage in

Figure 1. GDF11 inhibits inflammatory reaction induced by TNF-a in BMDMs. A, B) Interaction between GDF11 and TNF-
a/TNFR signaling pathway was assayed by coimmunoprecipitation. C–F) mRNA levels of inflammatory cytokines, including IL-
1b, IL-6, iNOS, and COX-2, after stimulation with TNF-a in presence or absence of rGDF11 were tested by real-time PCR. G, H)
Levels of circulatory IL-1b and IL-6 in serum were tested by ELISA. I–K) Expression of inflammatory cytokines, including iNOS
and COX-2, was assayed by Western blot analysis. L) Level of NO released in conditioned medium was tested by Griess reagent.
Values represent means 6 SD. *P , 0.05, **P , 0.01, ***P , 0.005 vs. vehicle control group.
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Figure 2. GDF11 protects against development of arthritis in CIA model. A, B) Swelling of hind paw is shown by photographs and clinical
scores. C–F) Severity of synovitis, pannus, and erosion sites was measured through scoring system based onHE staining. Scale bar, 100 mm.
G–L) mRNA levels of inflammatory cytokines in joint, including IL-1b, TNF-a, IL-6, MMP-3, iNOS, and COX-2, were measured by real-
time PCR. M–O) Circulating levels of IL-1b, TNF-a, and IL-6 in serum were measured by ELISA. P, Q) Expression of inflammatory
cytokines, including iNOS and COX-2, was assayed by Western blot analysis. R–T) Bone volume fraction and trabecular thickness were
assayed by mCT and 3D reconstruction. U) Osteoclastogenesis was detected by TRAP staining, and low-power field and high-power field
are both shown. Scale bars, 100 mm. Values represent means 6 SD. *P , 0.05, **P , 0.01, ***P , 0.005 vs. vehicle control group.
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the CIA model was alleviated by rGDF11 treatment.
Similarly, Fig. 2S, T reveals that the CIA-mediated re-
duction of the bone volume fraction and trabecular
thickness was reversed by treatment with rGDF11, as in-
dicated by mCT. Moreover, TRAP staining of the meta-
tarsal joints was performed, and Fig. 2U indicates that
inflammatory osteoclastogenesis was suppressed in the
rGDF11 treatment group. Taken together, this set of ex-
periments suggests that rGDF11 plays a protective role in
the CIA model.

Recombinant GDF11 inhibits development
of CAIA model

Further investigation of GDF11 function in inflammatory
arthritisused theCAIAmodel established in10wkoldWT
BALB/c mice, with treatment with PBS or rGDF11. As
shown in Fig. 3A, B, the severity of swelling in the hind
paws of the mice was greatly improved after the admin-
istration of rGDF11, as indicated by photographs and
clinical scores. On d 8, hind paws from each group were
collected, and histologic analysis was performed. As
shown in Fig. 3C–F, rGDF11 protects against synovitis,
pannus, and erosion in the metatarsal joints.

Inflammatory biomarkerswere assayed in the synovial
tissue of theCAIAmodel. Real-timePCR revealed that the
mRNA levels of TNF-a, MMP-3, iNOS, IL-6, and IL-1b
were significantly reduced in the rGDF11-treated group
(Fig. 3G–K). Furthermore, immunohistochemistry and
Western blot analysiswere performed tomeasure iNOS in
the synovial tissue. The rGDF11-treated group displayed
lower levels of iNOS (Fig. 3L, M). In addition, the circu-
lating levels of IL-1b, IL-6, and TNF-a were significantly
decreased in the CAIA mouse model after rGDF11 treat-
ment (Fig. 3N–P). In summary, rGDF11 exhibited a pro-
tective effect against RA in the CAIA mouse model.

Local gene therapy with AAV-based GDF11
protects against development of arthritis
in CIA model

AAV-GDF11 was established and delivered through intra-
articular injection into themetatarsal joints in theCIAmodel
to determine whether local delivery of GDF11 protects
against inflammatory arthritis.AAV-GFPandAAV-GDF11
were injected into the joint 2 wk before the CIAmodel was
induced. Figure 4A shows that local transgene expression
wasdetectable before immunization, as indicatedbyoptical
bioluminescence. Additionally, Fig. 4B, C indicates that
AAV-GDF11 attenuated severity of arthritis in the CIA
model, as indicated by clinical score analysis. Moreover,
the metatarsal joints were collected, and HE staining was
performed. Figure 4D–G shows alleviated damage in the
metatarsal joint in the AAV-GDF11 group, including re-
duced synovitis, pannus, and erosion scores.

Furthermore, synovial tissue and serumwere collected,
and real-timePCR, ELISA, andWestern blot analysiswere
performed.As indicated inFig. 4H–M, themRNAlevels of
TNF-a, MMP-3, IL-6, IL-1b, iNOS, and COX-2 were de-
creased in theAAV-GDF11 treatment group.Western blot

and immunohistochemistry results showed that the ex-
pression of iNOS was reduced in the AAV-GDF11 group
(Fig. 4N, O). Moreover, we performed mCT of the hind
paws, and the AAV-GDF11 group showed less bone de-
struction, as indicated by the bone volume fraction and
trabecular thickness (Fig. 4P–R). TRAP staining was per-
formed, and inflammatory osteoclastogenesis was signif-
icantly inhibited in the presence of AAV-GDF11 (Fig. 4S).

Local knockdown of GDF11 via AAV-siGDF11
accelerates development of CIA

Todeterminewhether insufficiencyofGDF11exaggerated
the development of inflammatory arthritis, a CIA model
was established, and AAV-siGDF11 was delivered into the
hind paw via intraarticular injection 2 wk before CIA in-
duction. Twoweeks after injection, optical bioluminescence
indicated that transfection of the siGDF11 transgene in the
hind paw was successful (Fig. 5A). Moreover, both the
mRNA levels and protein levels of GDF11 in the synovial
tissueof thehindpawswere reduced,as indicated inFig. 5B,
C.However,nosignificantdifference in thecirculating levels
of GDF11 in the serumwas observed (Fig. 5D). The severity
of swelling in the AAV-siGDF11 group and AAV-GFP
group was unchanged on d 42 after immunization, as in-
dicated by clinical scores (Fig. 5E). Interestingly, however,
we found that the AAV-siGDF11 group exhibited accelera-
ted development of arthritis compared to the AAV-GFP
group, especially between d 30 and d 36, which implied a
significant difference in clinical scores (Fig. 5E, red arrow).

To confirm these findings, we repeated the experiment,
and joint sampleswere collectedond33after immunization.
Mice in theAAV-siGDF11groupagaindisplayedmoreserve
swelling (Fig. 5F). Moreover, HE staining was performed,
andtheAAV-siGDF11groupshowedmoreseveresynovitis,
pannus, and erosion (Fig. 5G–J). The mRNA levels of IL-1b,
IL-6,TNF-a,MMP-3,COX-2,andiNOSin thesynovial tissue
werealsosignificantly increased in theAAV-siGDF11group,
which indicated exacerbated local inflammatory conditions
(Fig. 5K–P). Additionally, immunohistochemistry revealed
that the knockdownofGDF11 led to enhanced expression of
iNOS in the synovial tissue (Fig. 5Q).

GDF11 inhibits activation of NF-kB signaling
pathway both in vitro and in vivo

As previously described, NF-kB is activated in in-
flammatory conditions and plays a critical role in RA (31).
This information, together with the finding that GDF11
protects against inflammatory arthritis, led us to in-
vestigate the potential association between GDF11 and
NF-kB signaling in inflammation. BMDMs were cultured
and stimulated with TNF-a for 1 h with or without
rGDF11 treatment. As indicated in Fig. 6A, the expression
of NF-kB2, a critical component of the NF-kB pathway,
was suppressed by rGDF11. In addition, phosphorylation
of IkBawas reduced by rGDF11, as indicated byWestern
blot analyses (Fig. 6B). Moreover, cell immunostaining
showed that the nuclear translocation of NF-kB p65 was
inhibited inthepresenceofrGDF11(Fig.6C,D).Additionally,
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a reporter gene assay for NF-kB signaling was performed,
and rGDF11 repressedNF-kB signaling in a dose-dependent
manner (Fig. 6E).

To study the role of rGDF11 in the activity of theNF-kB
signaling pathway in vivo, the synovial tissues from the

CIA mice were collected, followed by real-time PCR for
NF-kB2 (Fig. 6F) and immunohistochemistry (Fig. 6G) and
Western blot analysis for p-IkBa (Fig. 6H). rGDF11 ad-
ministration reduced the levels of these molecules in the
CIAmodel. In addition, the CAIAmodel was established

Figure 3. GDF11 inhibits development of CAIA model. A, B) Swelling of hind paw is shown by both photographs and clinical
scores. C–F) Severity of synovitis, pannus, and erosion sites was measured through scoring system based on HE staining. Scale bar,
200 mm. G–K) mRNA levels of inflammatory cytokines in joint, including TNF-a, MMP-3, iNOS, IL-6, and IL-1b, were measured
by real-time PCR. L) Level of iNOS in synovial tissue was assayed by immunohistochemical staining. Scale bar, 50 mm.M) Synovial
tissue was collected from each group, and expression of iNOS was assayed by Western blot analysis. N–P) Circulating levels of IL-
1b, TNF-a, and IL-6 in serum were measured by ELISA. Values represent means 6 SD. *P , 0.05, **P , 0.01, ***P , 0.005 vs.
vehicle control group.
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in NF-kB-RE-luc mice, and an optical bioluminescence
assaywas performed to further investigate the association
betweenGDF11 treatment andNF-kB signaling activity in
vivo. The results indicated that rGDF11 treatment sup-
pressed NF-kB signaling in the CAIA model, which was
consistent with the severity of arthritis (Fig. 6I, J).

DISCUSSION

RA is a symmetrical, chronic, multijoint inflammatory
disease that is characterized by inflammatory cell in-
filtration, synovial hyperplasia, and progressive joint de-
struction. In addition, progressive damage to the joint

Figure 4. Local gene therapy with GDF11 mediated by AAV shows therapeutic effect in RA. A) Bioluminescent images of
representative mice in AAV-GFP group and AAV-GDF11 group showed persistently high GFP signals at injection sites. B, C)
Swelling of hind paw is shown by photographs and clinical scores. D–G) Severity of synovitis, pannus, and erosion sites was
measured through scoring system based on HE staining. Scale bar, 200 mm. H–M) mRNA levels of inflammatory cytokines in
joint, including TNF-a, MMP-3, IL-6, IL-1b, iNOS, and COX-2, were measured by real-time PCR. N, O) Expression of iNOS was
determined by Western blot analysis and immunohistochemical staining. Scale bar, 50 mm. P–R) Bone volume fraction and
trabecular thickness were assayed by mCT and 3D reconstruction. S) Osteoclastogenesis was shown by TRAP staining, and low-
power field and high-power field are both shown. Values represent means 6 SD. *P , 0.05, **P , 0.01, ***P , 0.005 vs. vehicle
control group.
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structure caused by inflammation has been shown to be
common in patients (32–34). However, treatments for RA
are still lacking (32, 33). Antiinflammation and immuno-
suppression strategies have been theprimary therapies for
RA in clinical practice despite their adverse effects (35, 36).
Therefore, inhibition of inflammatory reactions has
become an alternative investigative focus for treating
RA (37).

As previously described, TNF-a plays a critical role in
thepathogenesis of inflammatoryarthritis (38). Bybinding

its receptors, including TNFR1 and TNFR2, TNF-a accel-
erates the inflammatory reaction in RA (15). In this study,
the potential interaction between GDF11 and TNFR1/
TNFR2 was tested; macrophage experiments suggested
thatGDF11mightantagonizeTNF-a–mediatedinflammatory
reactions in vitro. GDF11 is a key member of the TGF-b su-
perfamily with multiple functions (3–5), and recent re-
search suggested that GDF11 might be associated with
inflammatory reactions (12). In the current study, dif-
ferent mouse models were established to determine

Figure 5. Local knockdown of GDF11 through AAV-siGDF11 accelerates development of CIA. A) Bioluminescent images of
representative mice in AAV-GFP group and AAV-siGDF11 group showed persistently high GFP signals at injection sites. B) mRNA
level of GDF11 in each group was assayed by real-time PCR. C) Expression of GDF11 was measured by Western blot analysis. D)
Level of circulating GDF11 was assayed by ELISA. E, F) Swelling of hind paw is shown by photographs and clinical scores. G–J )
Severity of synovitis, pannus, and erosion sites was measured through scoring system based on HE staining. Scale bar, 200 mm.
K–P) mRNA levels of inflammatory cytokines in joint, including IL-1b, IL-6, TNF-a, MMP-3, COX-2, and iNOS, were measured by
real-time PCR. Q) Expression of iNOS was assayed by immunohistochemical staining. Scale bars, 50 mm. Values represent means6
SD. *P , 0.05, **P , 0.01, ***P , 0.005 vs. vehicle control group.
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whether GDF11 has the potential to protect against in-
flammatory arthritis.

The CIA mouse model is a common model used in
inflammation research that has a pathologicmanifestation
and nosogenesis similar to that of RA (34). In this study,

CIAwas induced to investigate the effect of GDF11 on RA
via the systemicdeliveryof rGDF11and local intraarticular
injection of AAV9-GDF11. Cartilage damage, synovial
hyperplasia, pannus formation, and bone erosion are
common features of inflammatoryarthritis (36), and in this

Figure 6. GDF11 inhibits NF-kB signaling pathway both in vitro and in vivo. BMDMs were incubated with TNF-a in presence or
absence of rGDF11. A) mRNA level of NF-kB2 in BMDMs was tested by real-time PCR. B) Phosphorylation and expression of
IkBa in BMDMs were determined by Western blot analysis. C, D) Nuclear translocation of NF-kB p65 in BMDMs was assayed by
immunofluorescence and Western blot analysis. Tubulin and lamin are shown as loading controls. E) GDF11 inhibited TNF-
a–induced NF-kB signaling in dose-dependent manner, as shown by reporter gene assay. F) mRNA level of NF-kB2 in CIA model
was tested by real-time PCR. G) Immunohistochemistry for phosphorylated IkBa in articular cartilage of CIA mice in each group
on d 42; low-power field and high-power field are both shown. Scale bars, 50 mm. H) Phosphorylation of IkBa in synovial tissue
was also determined by Western blot analysis. I, J ) CAIA model was established in NF-kB-RE-luc mice, and fluorescence of NF-kB
was measured by optical bioluminescence. Values represent means 6 SD. *P , 0.05, **P , 0.01, ***P , 0.005 vs. vehicle control
group.
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study, exogenous GDF11 markedly attenuated all these
parameters of arthritis in our CIA model.

Moreover, the levels of inflammatory cytokines and
molecules associated with oxidative stress are com-
monly enhanced in the CIA model (39). In the current
study, GDF11 diminished all tested inflammation- and
oxidative stress–associated molecules, suggesting that
GDF11 may protect against the development of arthri-
tis. As reported previously, the CAIA model is also a
commonly used model in RA research because it can
avoid strain specificity (40). Characterized by pro-
gressive swelling of the joint and destruction of the joint
structure, the CAIA model exhibited elevated levels of
inflammatory and oxidative stress biomarkers. In the
present study, the CAIA model was established in
BALB/c mice, and rGDF11 treatment alleviated the
arthritis phenotype and reduced the levels of in-
flammatory biomarkers in these mice.

TNF-a–induced activation of the NF-kB signaling
pathway is known to participate in various inflammatory
conditions (41). NF-kB signaling is activated in in-
flammatory arthritis (42). As previously described, NF-kB
has important effects on several inflammation-associated
molecules, including iNOS and the COX-2 protein in RA,
which may further activate NF-kB to form a positive
feedback loop (43). Recently, it was reported that GDF11
suppresses the NF-kB signaling pathway and the pro-
duction of downstream molecules in atherosclerosis (12).
In this study, in vitro experiments, which revealed the
phosphorylation of IkBa and the critical component NF-
kB2, indicated that GDF11 antagonizes the TNF-a–
induced NF-kB signaling pathway.

NF-kB-RE-luc mice are widely used to determine the
activation of NF-kB signaling during inflammation and
other pathologic conditions (27). In this study, a CAIA
model was established using NF-kB-RE-luc mice, and an
optical bioluminescence assay was used to determine
whether GDF11 treatment markedly abolished the eleva-
tion of NF-kB signaling in the paws in the CAIA model.
The results imply that the protective role of GDF11 in in-
flammatory arthritis might be associated with the sup-
pression of the NF-kB signaling pathway.

To date, local gene therapy has not only been used in
preclinical investigations of medication but also in clinical
settings (20, 44). The most reliable and widely used gene
vectors are lentivirus, adenovirus, and AAV. AAV has
high transfection efficiency, superior safety, and low im-
munogenicity, and it is thought to be a strategy for the
accurate delivery of targeted molecules in scientific re-
search and clinical treatment (45). It has been reported that
intraarticular injection of AAV–IL-38 exerted a protective
effect against inflammatory arthritis (46), and AAV-
GDF11 was used to investigate cardiovascular diseases
(12). In the current study, the AAV9-GDF11 and AAV9-
siGDF11 vectors were synthesized and delivered in the
CIAmodel through intraarticular injection. The ankle joint
and hind paw synovial tissue showed less swelling and
jointdestructionafterGDF11 transgenedelivery,while the
local knockdown of GDF11 accelerated the inflammatory
process in the hind paw in the CIAmodel, suggesting that

localmodulationofGDF11expression levelsplaysa role in
the development of arthritis.

It is known that newbornGDF11knockoutmice cannot
survive. Therefore, local knockdown of molecules via
AAV has been performed in various studies (47). In this
study, AAV9-siRNAwas established and injected into the
ankle joint, followed by induction of the CIA model.
At d 42, no obvious difference in arthritis severity was
observed between the GDF11 knockdown group and the
AAV-GFP group. Interestingly, the knockdown of GDF11
in thehindpawled toaccelerateddevelopmentof arthritis.
This effect might be associated with elevated local sus-
ceptibility to inflammation, which stems from the re-
cruitment and accumulation of various types of immune
cells. However, at a relatively late stage of CIA, this dif-
ference decreased. This phenomenon might be related to
the enhancement of circulatingGDF11 in the blood supply
asa result of inflammation-inducedcapillaryproliferation.

CIA and CAIA are the most frequently used animal
models to investigate the effects of new therapeutics for RA.
In the present study, we reported the potential involvement
and underlying mechanisms of GDF11 in inflammatory ar-
thritis. To demonstrate the direct relationship between
GDF11 and RA in the clinic and to determine whether
GDF11 plays a protective role in patients with RA, further
preclinical and clinical studies will be performed in the fu-
ture. In summary, GDF11 displayed antiinflammatory and
therapeutic effects in mice with inflammatory arthritis,
which may provide a therapeutic strategy for experimental
and clinical investigations of RA.
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