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Sirtuin 5 deficiency increases disease severity in rats with
adjuvant-induced arthritis
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Sirtuin (SIRT) 1 and 6 are known to be involved in the
pathogenesis of rheumatoid arthritis (RA)1. Recent reports showed
that SIRT5 prevents dextran sulfate sodium (DSS)-induced colitis in
mice2 and recovered the innate inflammatory response of
endotoxin-tolerant macrophages by blocking SIRT2-mediated
deacetylation of p65;3 however, the role of SIRT5 remains unclear.
Here, we demonstrated that SIRT5 mRNA was significantly
downregulated in RA patients compared with that of healthy
controls (Fig. 1a). Real-time PCR analysis showed more than
twofold lower SIRT5 mRNA levels in RA patients compared with
those of healthy controls or patients with osteoarthritis (OA) (P <
0.001) (Fig. 1b). Alternatively, both mRNA and protein levels of
SIRT5 were significantly reduced in PBMCs and synovial tissues
from AIA rats compared with those of healthy control animals
(Fig. 1c, d), whereas SIRT5 mRNA expression was partially
recovered in methotrexate (MTX)-treated AIA rats (Fig. 1c).
Immunofluorescence staining of synovial tissues from AIA rats
revealed that SIRT5 expression (green) was markedly suppressed
in the region containing high levels of activated monocytes/
macrophages (CD68+/red) and proliferating synovial fibroblasts
(vimentin/red) (Supplementary Fig. S1A), suggesting that SIRT5 is
closely associated with the pathogenesis of AIA and human RA.
The influence of inflammatory stimuli on SIRT5 expression was

further examined by using RA patient-derived synovial fibroblasts
(RASFs) in the presence of MTX, suramin (a SIRT5 inhibitor), Toll-
like receptor ligands such as lipopolysaccharides (LPS), Pam, and
poly (I:C), and the proinflammatory cytokines TNF-α and IL-1β. As
shown in Fig. 1e, suramin suppressed SIRT5 expression and
markedly abolished MTX-stimulated expression of SIRT5 in RASFs,
while RASFs treated with Toll-like receptor ligands and proin-
flammatory cytokines downregulated SIRT5 expression (Fig. 1f). In
purified human CD14+CD16− monocytes, overexpression of SIRT5
abolished LPS-mediated release of IL-6 and TNF-α, whereas the
addition of suramin partially blocked the inhibitory effect of SIRT5
(Fig. 1g). In contrast, knockdown of SIRT5 significantly enhanced
the LPS-mediated release of IL-1β and TNF-α in CD14+CD16−

monocytes (Fig. 1h). The anti-inflammatory role of SIRT5 was
further characterized by injection of adenovirus-SIRT5 (Ad-SIRT5)
into the ankle joints of AIA rats. While severe swelling, erythema

and joint rigidity developed in the hind paws of AIA rats that were
injected with Ad-EGFP virus (vehicle control), the arthritic scores
and hind paw volumes were significantly attenuated in rats that
were injected with either a single dose or double doses of Ad-
SIRT5 (1 × 1011 PFU) (Fig. 1i–l). However, the SIRT5 mutant
SIRT5H158Y,4 failed to attenuate the arthritic condition in AIA rats,
suggesting that the deacetylation and desuccinylation activity of
SIRT5 contributes to the anti-inflammatory effects of SIRT5 in RA.
Notably, AIA rats that were injected with double doses of Ad-SIRT5
(1 × 1011 PFU) exhibited significant recovery in the masses of the
spleen and thymus, indicating the suppression of spleen
enlargement and prevention of thymus shrinkage, compared
with those of vehicle-treated animals (Supplementary Fig. S1B–D).
These findings suggest that the amelioration of inflammatory
conditions in AIA rats is closely associated with the recovery of
immune organ functions in animals.
Microcomputed tomography (micro-CT) and histopathological

analysis further indicated the typical symptoms of swollen joints,
bone destruction, synovial membrane hyperplasia with severe
inflammatory cell infiltration, and pannus formation in joint tissues
of Ad-EGFP vehicle and Ad-SIRT5H158Y mutant rats (Fig. 1k, l).
Notably, infiltration of inflammatory cells and hyperplasia of
articular cartridge were ameliorated in AIA rats that were injected
with low-dose (3 × 109 PFU), single-dose, and double-dose Ad-
SIRT5 (1 × 1011 PFU) or were treated with MTX (Fig. 1k, l), whereas
immunofluorescence staining of the synovial tissues further
showed the increasing trend in SIRT5 expression and the reduced
level of vimentin, representing the low proliferative rate of
synovial fibroblasts5 (Fig. 1m). Micro-CT analysis of bone mineral
density, bone volume fraction, cortical mineral density (TMD),
trabecular number, and total porosity of Ad-SIRT5-treated AIA rats
showed that the mean micro-CT score increased significantly from
0.26 (Ad-EGFP vehicle control) to 0.70 [Ad-SIRT5 (1 × 1011 PFU)]
(Supplementary Fig. S2A, B), and the mean radiological score
dropped from 4.0 to 0.42 for these same groups (Supplementary
Fig. S2C). In addition, the animals that were treated with MTX and
high-dose Ad-SIRT5 showed significant suppression of the
proinflammatory cytokines monocyte chemoattractant protein-1
(MCP-1), TNF-α, IL-1β, and IL-6, with a concomitant reduction in
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erythrocyte sedimentation rate and C-reactive protein levels in
blood serum (Supplementary Fig. S3A). Collectively, these results
validated the potential anti-inflammatory role of SIRT5 in AIA rats.
We finally characterized the anti-inflammatory role of SIRT5

in RA using CRISPR/Cas9-generated SIRT5-deficient SD rats

compared with the effects in SIRT5+/+ rats with AIA, SIRT5−/−

rats developed more rapid and severe arthritic inflammation, as
shown by the early increases in arthritic scores and hind paw
volumes (Fig. 1n, o and Supplementary Fig. S3B). The mRNA
expression of TNF-α and secretion of IL-1β, IL-6, and MCP-1 were
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significantly upregulated in PBMCs and serum of SIRT5−/− rats in
comparison to those of SIRT5+/+ rats (Supplementary Fig. S3C, D).
Thus, SIRT5 slowed the pathogenic progression of RA.
SIRT5 regulates energy metabolic networks through the

desuccinylation of SIRT5-target proteins, participating in fatty acid
β-oxidation, the tricarboxylic acid (TCA) cycle, and glycolysis6.
Notably, protein succinylation was increased in the kidney,
lymphonodus, thymus, liver, and synovium in SIRT5−/− rats
(Fig. 1p). Pyruvate kinase M2 (PKM2) is one of the desuccinylation
substrates of SIRT5 that catalyzes the rate-limiting step of
glycolysis7. The immunoprecipitation results showed that hyper-
succinylation of PKM2 was found in the synovium and liver of
SIRT5+/+ AIA rats compared with those of the healthy control,
whereas the succinylation of PKM2 was further enhanced only in
the synovium of SIRT5−/− AIA rats (Fig. 1q). Alternatively, pyruvate,
a key metabolic intermediate in glycolysis and the TCA cycle,
exhibited a protective effect against excessive inflammation8,
whereas ethyl pyruvate (EP), a form of pyruvate with improved
bioavailability, was recently reported to ameliorate inflammatory
arthritis in mice9, supporting a new therapeutic strategy for RA via
the manipulation of cellular bioenergetics10. Here, we revealed
that SIRT5−/− AIA rats that were treated with EP exhibited
complete elimination of the arthritic condition (Fig. 1n, o),
accompanied by a reduction in proinflammatory cytokines
(Supplementary Fig. S3C, D). However, EP supplementation
increased the production of acetyl CoA but not pyruvate (Fig. 1r).
These results indicated that the energy metabolism aerobic
respiration recovered after supplementation of the energy
metabolite EP in SIRT5−/− rats with AIA. In conclusion, these
findings provide a strategy for manipulating SIRT5-related energy
metabolism for RA intervention.
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Fig. 1 The anti-inflammatory role of SIRT5 in RA. a RNA expression of SIRT1–7 in PBMCs from healthy controls and RA patients (n= 5–20).
b SIRT5 gene expression in healthy volunteers (n= 29) and patients with RA (n= 38) or osteoarthritis (n= 17). Unpaired t-test, *P < 0.05, **P <
0.01, and ***P < 0.001. c SIRT5 mRNA levels in PBMCs and synovial tissues of AIA rats (day 30, n= 6). d SIRT5 protein expression in rat synovial
tissues (day 30, n= 4). e Effect of SIRT5 expression in MTX- and SIRT5 inhibitor suramin-treated RASFs. f Effect of SIRT5 expression in
proinflammatory cytokine-treated RASFs. g Production of proinflammatory cytokines in human CD14+CD16− monocytes with overexpression
or h knockdown of SIRT5 in the presence or absence of suramin. *P < 0.05, **P < 0.01, and ***P < 0.001 vs untransfected controls. i The arthritic
scores and j hind paw volumes of Ad-SIRT5 overexpression in AIA rats (n= 8–12). #P < 0.05 vs healthy ctrl; *P < 0.05 and **P < 0.01 vs Ad-EGFP
vehicle ctrl. k Micro-CT radiographic images showing Ad-SIRT5 overexpression in AIA rats. l Histopathological sections (scale bar: 100 μm) and
m immunofluorescence images (scale bar: 50 μm) showing synovial tissue from Ad-SIRT5-treated AIA rats. n Arthritic scores and o increased
hind paw volumes of SIRT5+/+, SIRT5−/−, and SIRT5−/−+ EP AIA rats. p Characterization of succinylation distribution in different tissues
and q the hypersuccinylation of PKM2 in SIRT5+/+ and SIRT5−/− SD rats. r Detection of acetyl CoA and pyruvate in livers of SIRT5+/+, SIRT5−/−,
and SIRT5−/−+ EP rats. **P < 0.01 and ***P < 0.001, by one-way ANOVA. The data shown are the mean ± SEM.
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