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Metformin, an AMPK Activator, Inhibits Activation of
FLSs but Promotes HAPLN1 Secretion
Yong Chen,1 Fujuan Qiu,1 Beijia Yu,1 Yanjuan Chen,2 Fangfang Zuo,1 XiaoYu Zhu,3 Kutty Selva Nandakumar,4

and Changhong Xiao1

1Department of Rheumatology, Integrated Hospital of Traditional Chinese Medicine, Southern Medical University, Guangzhou 510330, P.R. China; 2School of Medicine,

Jinan University, Guangzhou 510632, P.R. China; 3School of Traditional Chinese Medicine, Southern Medical University, Guangzhou 510515, P.R. China; 4Southern

Medical University-Karolinska Institute United Medical Inflammation Center, School of Pharmaceutical Sciences, Southern Medical University, Guangzhou 510515,

P.R. China
Received 2 February 2020; accepted 7 May 2020;
https://doi.org/10.1016/j.omtm.2020.05.008.

Correspondence: Changhong Xiao, Department of Rheumatology, Integrated
Hospital of Traditional Chinese Medicine, Southern Medical University, No. 13
Shiliugang Road, Haizhu District, Guangzhou 510330, P.R. China.
E-mail: chnghngxiao@aliyun.com
Correspondence: Kutty Selva Nandakumar, Southern Medical University-Kar-
olinska Institute United Medical Inflammation Center, School of Pharmaceutical
Sciences, Southern Medical University, Guangzhou 510515, P.R. China.
E-mail: nandakumar@smu.edu.cn
AMP-activated protein kinase (AMPK) is essential for main-
taining energy balance and has a crucial role in various in-
flammatory pathways. In this study, AMPK levels positively
correlated with many inflammatory indexes in rheumatoid
arthritis (RA) patients, especially in the affected synovium.
In RA sera, a positive correlation between phosphorylated
(p-)AMPK-a1 levels and DAS28 (disease activity score 28) ac-
tivity (r = 0.270, p < 0.0001) was found. Similarly, a positive
correlation was observed between AMPK-a1 and tumor ne-
crosis factor a (TNF-a) levels (r = 0.460, p = 0.0002). Differ-
entially expressed genes between osteoarthritis (OA) and RA
synovium from NCBI GEO profiles and our RNA sequencing
data suggested activation of metabolic pathways specific to
RA-fibroblast-like synoviocytes (FLSs). AMPK-a1 was highly
expressed in the synovium of RA but not OA patients. An
AMPK activator, metformin, inhibited FLS proliferation at
higher but not lower concentrations, whereas the inhibitor
dorsomorphin promoted the proliferation of RA-FLSs. Inter-
estingly, both metformin and dorsomorphin inhibited the
migration of RA-FLSs. After metformin treatment, expres-
sion of interleukin 6 (IL-6), TNF-a, and IL-1b were signifi-
cantly downregulated in RA-FLSs; however, increased expres-
sion of p-AMPK-a1, protein kinase A (PKA)-a1, and
HAPLN1 (hyaluronan and proteoglycan link protein 1) was
observed. Increased levels of HAPLN1 in RA-FLSs by an
AMPK activator could potentially be beneficial in protecting
the joints. Hence, our results demonstrate the potential of
an AMPK activator as a therapeutic for RA.

INTRODUCTION
Rheumatoid arthritis (RA) is a chronic, systemic autoimmune disease
affecting joints, which leads to pain, swelling, and deformity, causing
considerable morbidity andmortality worldwide.1,2 During RA devel-
opment the synovium transforms from a quiescent state with a rela-
tively acellular structure to a hyperplastic and invasive state infiltrated
with many inflammatory cells. In this context, fibroblast-like synovio-
cytes (FLSs) are increasingly recognized as key effector cells.3 The
activated FLSs are hyperproliferative and resistant to apoptosis with
an increased capacity for migration, causing pannus formation and
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destruction of joint cartilage. Production of inflammatory factors
such as tumor necrosis factor a (TNF-a) and interleukin 17 (IL-
17), chemokines, and matrix-degrading molecules by FLSs contrib-
utes to their invasiveness.4 Additionally, RA-FLSs are considered to
form an inflammatory memory response, accounting for disease
flare-ups.5 Thus, FLSs could be a potential therapeutic target in RA.

Growing evidence shows the importance of metabolic variations in
the pathogenesis of several autoimmune diseases. Inflammation-asso-
ciated macrophages and T helper 17 (Th17) cells display a shift to-
ward enhanced glucose uptake, glycolysis, and use of the pentose
phosphate pathway. In contrast, anti-inflammatory cells such as M2
macrophages, regulatory T cells (Tregs), and quiescent memory
T cells exhibit lower glycolytic rates but with higher levels of oxidative
metabolism.6 RA patients were reported to have an increased risk for
insulin resistance. The glucose and lipid metabolic disturbances are
strongly associated with the degree of systemic inflammation.7 Under
pro-inflammatory conditions, glycolysis is activated in RA-FLSs and
blocking it might be beneficial to attenuate inflammation.8 Metfor-
min, an AMP-activated protein kinase (AMPK) activator, inhibited
experimental arthritis through reciprocal regulation of the Treg/
Th17 cell balance.9,10 Similarly, metformin inhibited the growth of
cancer cells in vitro;11 however, the action of metformin on RA-
FLSs is not yet clear.

AMPK is a highly conserved metabolic fuel gauge present in eukary-
otes, which senses changes in the intracellular AMP/ATP ratio in
response to energy deprivation by regulating mitochondrial biogen-
esis.12 AMPK plays an important role in several inflammatory path-
ways. It controls transcriptional regulation of autophagy and
2020 ª 2020 The Author(s).
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Figure 1. Expression of Serum AMPK-a1 and p-

AMPK-a1 Levels in RA and OA Patients

(A) AMPK-a1 levels between RA (n = 61) and OA (n = 20)

patients having moderate to high disease activity were

shown, but no statistical significance between groupswas

observed. (B) Serum p-AMPK-a1 level was higher in OA

compared to RA patients having lower disease activity.

Log-transformed p-AMPK-a1 values were significantly

higher in OA than RA patients having lower disease ac-

tivity. (C) In RA, patients with higher disease activity had

significantly higher levels of log-transformed p-AMPK-a1

levels compared to patients with lower disease activity. (D

and E) Log p-AMPK-a1 levels significantly correlated with

DAS28 (D) and CRP (E) levels. (F) Correlation with ESR

levels was not statistically significant. (G and H) Increased

expression of IL-17 (G) and TNF-a (H) was observed in RA

than OA patients. (I) Levels of AMPK-a1 moderately

correlated with TNF-a levels. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.
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lysosomal genes,13 promotes autophagy through phosphorylation of
Unc-51 such as autophagy-activating serine/threonine protein kinase
Ulk1,14 attenuates CD40-mediated inflammatory activities and Toll-
like receptor (TLR)-induced inflammatory functions, and decreases
the capacity of antigen-presenting cells.15 Activation of AMPK alters
metabolism and pathogenic pathways, which may promote or inhibit
inflammation.16

Herein, we report a positive correlation between AMPK levels and
disease activity in RA patients. An AMPK activator, metformin, in-
hibited proliferation, migration, and activation of RA-FLSs. Metfor-
min treatment inhibited the expression of pro-inflammatory cyto-
kines IL-6, TNF-a, and IL-1b, while increasing the phosphorylated
(p-)AMPK-a1, protein kinase A a1 (PKA-a1), and hyaluronan and
proteoglycan link protein 1 (HAPLN1) expression. Such increased
expression of HAPLN1 in RA-FLSs might potentially be beneficial
in protecting joints.
Molecular Therapy: Methods &
RESULTS
Serum p-AMPK-a1 Levels Are Positively

Correlated with Disease Activity in RA

To investigate the difference in AMPK levels be-
tween RA and osteoarthritis (OA) patients and
to detect the presence of correlation between
AMPK levels and RA disease activity, we deter-
mined AMPK-a1 and p-AMPK-a1 levels using
20 OA and 61 RA patients having different dis-
ease activities. No significant differences exist in
AMPK-a1 levels between OA and RA patients
(Figure 1A). However, p-AMPK-a1 levels were
higher in OA compared to RA patients, who
had lower disease activity (p = 0.002) (Fig-
ure 1B). This significance level was increased
when the values for p-AMPK-a1 levels were
log transformed to get a normal distribution
(p < 0.0001). Interestingly, after log transformation, RA patients hav-
ing high disease activity had significantly higher levels of p-AMPK-a1
compared to patients having low disease activity (p = 0.007) (Fig-
ure 1C). In addition, p-AMPK-a1 levels were positively correlated
with DAS28 (disease activity score 28) scores (r = 0.270, 95% confi-
dence interval [CI]: 0.142–0.492, p < 0.0001) and C-reactive protein
(CRP) levels (r = 0.259, 95% CI: 0.009–0.478, p = 0.042) (Figures
1D and 1E). However, such a correlation did not exist with erythro-
cyte sedimentation rate (ESR) levels (Figure 1F).

IL-17 and TNF-a levels were reported to have a correlation with RA
activity and thus were currently selected as therapy targets.17,18 We
analyzed the presence of possible correlation between AMPK levels
with IL-17 and TNF-a in the serum samples. The results demon-
strated an increased expression of both of the inflammatory cytokines
in RA patients compared with OA patients, and AMPK-a1 levels
were moderately correlated with TNF-a levels (r = 0.46, 95% CI:
Clinical Development Vol. 17 June 2020 1203
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0.241–0.640, p = 0.0002) (Figures 1G–1I). However, no correlation
exists between log-transformed p-AMPK-a1 and IL-17 or TNF-a
levels (Figure S1). Although AMPK is a key regulator of glucose meta-
bolism,19 and RA and other autoimmune diseases are associated with
an increased risk of diabetes mellitus,20 no differences in glucose
levels between groups were observed in our study (Figure S1).

AMPK Levels Were More Significantly Present in RA Synovial

Samples

Since AMPK has an anti-inflammatory effect in many inflammation-
related diseases,21,22 and our data showed a mild positive correlation
with disease activity, we next evaluated the data available in NCBI
GEO profiles (GEO: GSE12021, GSE55235,23 and GSE5545724) for
AMPK levels from RA and OA patients’ synovial tissue samples. In
total, 119 differentially expressed genes (DEGs) intersected in all three
datasets (Data S1), which demonstrated the high consensus existing
between results from different experiments. Although AMPK was
not directly detected in the analysis, one of the most obviously
changed pathways was the metabolic pathway consisting of nine
genes (Figure 2A). Since AMPK has a controlling function in meta-
bolism,13,25 we focused on its expression at both protein and
mRNA levels in the synovium samples from OA and RA patients.
The immunohistochemical (IHC) staining revealed a higher level of
p-AMPK-a1 expression in RA than in OA synovium (Figure 2B).
Similarly, relative expression levels of AMPK-a1, AMPK-a2, and
AMPK-g3 genes were higher in synovium of RA than OA patients
(Figure 2C).

Metabolism Variations in FLSs

Glucose and phospholipid metabolism as well as bioactive lipids are
involved in the activation of FLSs. These metabolic changes
contribute to FLS activation and invasive potential, leading to joint
destruction.26 p-AMPK-a1 expressed in the proliferating FLSs was
identified using IHC staining and confirmed by immunofluorescence
studies (Figure S2). Since FLS activation is crucial in RA pathogen-
esis,27 we analyzed the differences in the expression of genes between
RA and OA FLSs using a high-throughput RNA sequencing method.
We identified 111 DEGs, and the expression levels of 95 genes were
upregulated and 16 genes were downregulated in RA compared
with OA FLSs (Figure 3A; for all DEGs present in the individual sam-
ples, see Data S2). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis suggested involvement of
metabolic and glycerolipid metabolism pathways with nine genes
closely related to AMPK regulation (Figures 3A and 3B). Among
them, diacylglycerol kinase gamma (DGKG) and prostaglandin D2
synthase (PTGDS) expressions were downregulated, while the
expression levels of the other seven genes, that is, lipase G (LIPG),
heparanase (HPSE), glycerol-3-phosphate acyltransferase 2
(GPAT2), phospholipase A2 group VII (PLA2G7), choline dehydro-
genase (CHDH), ST6 b-galactoside a-2,6-sialyltransferase 2
(ST6GAL2), and ST8 a-N-acetyl-neuraminide a-2,8-sialyltransferase
5 (ST8SIA5), were upregulated in RA compared to OA FLSs. Interest-
ingly, HAPLN1 expression was highly upregulated in RA-FLSs
(Figure 3A).
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Metformin Affects FLS Proliferation

Based on our above results and prior knowledge on anti-inflamma-
tory functions of AMPK,14,15 we deduced that upregulation of
AMPK-a1 expression in RA synovium might be due to the ongoing
inflammation stress in the joints. So, we used metformin28 and dor-
somorphin29 as an AMPK activator and inhibitor, respectively, to
evaluate their effects on FLS proliferation.

FLSs were cultured with different concentrations of metformin in
six-well plates and observed between 0 and 72 h under an invertedmi-
croscope for their viability. A 3-(4,5-dimethylthiazol-2-yl)-2,5-dime-
thyltetrazolium bromide (MTT) assay was performed to confirm the
cellular viability of FLSs after metformin treatment. The results
demonstrated inhibition of FLS proliferation by metformin at 5 and
10 mM concentrations. However, at a lower concentration, metfor-
min promoted FLS proliferation (Figure 4A), which was further
confirmed by reducing the concentration (Figure 4B), demonstrating
a dose-dependent effect of metformin on FLS proliferation. In
contrast, dorsomorphin promoted FLS proliferation significantly at
a 5–10 mM concentration (Figure 4C).
Metformin Inhibited FLS Migration

Based on the concentration gradient of metformin for its inhibitory
effects on FLS proliferation, we selected metformin and dorsomor-
phin at a 5 mM concentration to study their effect on FLS migration
by testing wound repair rate in a scratch test and transwell assay.
Interestingly, both metformin and dorsomorphin inhibited FLS
migration significantly (Figures 5A and 5B). Earlier, dorsomorphin
was reported to inhibit the migration of certain cancer cells,
and this phenomenon was explained by AMPK-independent
mechanisms.29
Metformin Inhibited Inflammatory Cytokines by Promoting

AMPK Levels

Results from semi-quantification of mRNA levels in FLSs after met-
formin treatment by qRT-PCR showed a significant increase in
AMPK-a1 levels, which was confirmed by western blot (Figures 6A
and 6D). Similarly, the mRNA levels of PKA-a1 were also found to
be increased after metformin treatment. PKA-a is a regulatory sub-
unit of the cyclic AMP (cAMP)-dependent protein kinases involved
in cAMP-mediated signaling events in the cells, and a mutual promo-
tion effect between AMPK and PKA-a was reported earlier.29 AMPK
also phosphorylates the mammalian target of rapamycin complex 1
(mTORC1) subunit, regulatory associated protein of mTOR
(RAPTOR), which is essential for AMPK function as a metabolic
checkpoint.30 The AMPK-mTOR (RAPTOR) pathway was earlier re-
ported to regulate cell growth in response to nutrient and insulin
levels.31 Although RAPTOR and mTOR did not have any significant
changes after metformin treatment at mRNA levels, a negative
correlation between RAPTOR and AMPK-a1 expression was de-
tected (r =�0.470, 95% CI:�0.682 to�0.185, p = 0.002, n = 40) (Fig-
ure 6B). Western blot results confirmed the downregulated RAPTOR
levels in FLSs after metformin treatment.
2020



Figure 2. Changes in the Metabolic Pathway in RA Compared to OA Synovium

(A) In total, 119 DEGs between RA andOApatients’ synovium intersected in all the three datasets (NCBI GEO profiles; GEO: GSE12021, GSE55235, andGSE55457). Among

them, changes in the metabolic pathway-related nine genes were more obvious. (B) IHC staining for p-AMPK-a1 was more intense in RA (n = 20) than in OA (n = 17)

synovium. (C) Relative expression levels of AMPK-a1, AMPK-a2, and AMPK-g3 genes were higher in RA (n = 10) than in OA (n = 9) synovium. *p < 0.05.
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The role of IL-6 in the pathogenesis of joint and systemic inflam-
mation in RA has been clearly demonstrated,32 and IL-6 inhibitor
has been used for the treatment of RA with favorable outcomes.33

Our results confirmed AMPK-dependent effects of metformin on
IL-6 gene expression,34,35 and a significant negative correlation be-
tween AMPK-a1 and IL-6 gene expressions was observed (r =
�0.422, 95% CI: �0.672 to �0.0865, p = 0.016, n = 32) (Figures
6A and 6C). Similarly, upon metformin treatment in RA-FLSs,
IL-1b was found to be downregulated, and the TNF-a level had
Molecula
a significant negative correlation (r = �0.825, 95% CI: �0.967
to �0.288, p = 0.012, n = 8) with p-AMPK-a1 level (Figures 6D
and 6E).

Metformin Promoted HAPLN1 Expression in FLSs

Interestingly, after treating FLSs with metformin, an upregulation
of mRNA and protein levels of HAPLN1 expression was observed
(Figures 7A and 7B). HAPLN1 mRNA was significantly positively
correlated with AMPK-a1 mRNA (r = 0.560, 95% CI: 0.308–0.738,
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1205
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Figure 3. DEGs in FLSs Identified by mRNA High-

Throughput Sequencing Method

(A) In total, 111 DEGs were identified in RA-FLSs

compared to OA samples (n = 3/group). Expression of 95

genes was upregulated compared to the downregulation

in the expression of 16 genes. Of all of the nine DEGs

related to metabolism, expression levels of DGKG and

PTGDS genes were downregulated, while the expression

of LIPG, HPSE, GPAT2, PLA2G7, CHDH, ST6GAL2, and

ST8SIA5 genes were upregulated in RA-FLSs compared

to OA samples. HAPLN1 expression was most obviously

upregulated in RA-FLSs. (B) KEGG pathway enrichment

analysis demonstrated that the metabolic pathway is one

of the most obviously changed pathways.
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p < 0.0001, n = 32, Figure 7C) as well as at protein levels
(r = 0.565, 95% CI: 0.139–0.789, p = 0.007, n = 19, Figure 7D).
HAPLN1 was reported as one of the distinctive genes
expressed in RA-FLSs correlating with the disease activity.36

However, the effects of metformin on AMPK-a1 expression and
subsequent modulation of HAPLN1 have not been reported
earlier.

In granulosa cells, HAPLN1 was proposed to be promoted through
the PKA-RUNX1/RUNX2 pathway.37 In our study, PKA-a1,
RUNX1, and RUNX2 expressions were significantly upregulated
in metformin treated FLSs (Figure 7A). HAPLN1 showed a posi-
tive correlation with PKA-a1 (r = 0.616, 95% CI: 1.528–3.638,
p < 0.006, n = 40, Figure 7E) and RUNX2 (r = 0.547, 95% CI:
0.291–0.729, p < 0.0002, n = 40, Figure 7F). Note that the
RUNX family is essential for the maturation of osteoblasts and it
has an important role in the intra-membranous and endochondral
ossification processes.38,39
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DISCUSSION
AMPK is one of the most important energy sen-
sors identified so far that can regulate the
cellular metabolism. Similarly, AMPK inhibits
a broad range of inflammatory reactions
through multiple biological pathways by regu-
lating immune cell metabolism and func-
tions.40,41 In our current study, no obvious dif-
ferences in the serum levels of AMPK-a1 and
p-AMPK-a1 between OA and RA patients
were observed. However, AMPK-a1 and
log(p-AMPK-a1) levels were moderately posi-
tively correlated with disease activity in RA pa-
tients. Moreover, p-AMPK-a1 expression was
higher in RA than in OA synovium samples.
However, no big differences in AMPK or p-
AMPK levels between OA and RA patients’
sera were observed, except in OA and low-activ-
ity RA patients. We suppose that insufficient
inflammation in the joints has failed to cause
big changes in the sera, which also led to no
obvious differences in serum glucose levels between the groups. At
the same time, this might also be due to the number of samples
used in this study. Alternatively, in the synovium of joints where
all the inflammatory reactions occur,42 an upregulation of AMPK
is more clearly distinct, although a cause-and-effect relationship
between AMPK and RA is not yet clear. Possibly, inflammation-
induced stress in the synovium could lead to an increase in AMPK
secretion level.

Although metformin as an AMPK activator had inhibitory potential
at higher concentrations, it promoted FLS proliferation at lower con-
centrations in our study, which is in disagreement with the study of
Chen et al.,43 who had reported inhibitory capacity of metformin
even at very low concentrations (5–60 mM). Since the dose differences
used in both of the studies were very high, a difference in metformin
preparations obtained from different manufacturers may not be the
major cause. It is plausible that differences in the source of FLSs, pa-
tient characteristics, genetic variations, and treatment conditions



Figure 4. Effect of AMPK Modulators on RA-FLS Proliferation

(A) An MTT assay was used to determine the effects of metformin on RA-FLS viability. Metformin inhibited RA-FLS proliferation at 5 and 10 mM, whereas at 1 mM it has an

opposite effect compared to the control group (n = 5). (B) This result was confirmed by using even lower concentration of metformin (n = 5). (C) Dorsomorphin promoted FLS

proliferation significantly at 5 and 10 mMcompared to the control group after culturing for 36 h (n = 5). A representative example from three independent experiments is shown.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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could have contributed to these contradictory observations. Most
publications reported the inhibitory effect of metformin when mainly
using cancer cells.44,45 An analogy to our observation is the use of
methotrexate or radiation, which can be used to treat cancer while be-
ing carcinogenic. In fact, pharmacological concentrations of metfor-
min at low or high doses affect cells by different mechanisms.46 At a
higher concentration (5 mM), it was proposed to inhibit the respira-
tory chain complex 1 in intact hepatocytes, causing an increase in
the AMP/ATP ratio.47 However, more studies are needed to clarify
this issue.

Our results are in accordance with metformin effects on the acti-
vation of AMPK and in attenuating inflammation.48 We have
observed downregulation of IL-6 gene expression, as well as
TNF-a and IL-1b protein levels, after metformin treatment. In
collagen antibody-induced arthritis (CAIA), an animal model to
study the effector phase of RA,49 metformin treatment significantly
improved arthritis score, with reduced bone destruction, inflam-
matory cytokines production, and retinoic acid-related orphan re-
ceptor gt (RORgt)-expressing T cells associated with the AMPK/
mTOR-mediated inhibition of signal transducer and activator of
transcription 3 (STAT3) signaling.10 This favorable AMPK/
mTOR/STAT3-dependent effect of metformin on Th17-mediated
inflammation was confirmed in collagen-induced arthritis (CIA),
the classical model of RA.9 IL-6 is important for both joint
destruction and systemic disease manifestations.50 Several studies
Molecula
demonstrated that AMPK activation suppresses nuclear factor
kB (NF-kB) signaling through its downstream mediators SIRT1,
forkhead box O (FoxO) family, and peroxisome proliferator-acti-
vated receptor g co-activator 1a,51 which in turn could suppress
the expression of NF-kB-dependent inflammatory factors such as
IL-6, IL-1b and TNF-a. Earlier it was shown that in macrophage
cell lines, constitutively expressed AMPK reduced LPS-stimulated
IkBa (inhibitor of NF-kB) degradation and p65 binding to the IL-
6 promoter.52 Hence, metformin effects on the expression of in-
flammatory cytokines might be the inhibitory molecular mecha-
nism of metformin on the activation, proliferation, and migration
of RA-FLSs.

Our RNA sequencing results demonstrated an upregulation of
HAPLN1 expression in RA-FLSs, which mimics the condition of
cancer cells in proliferation and migration, leading to cartilage
destruction.27 HAPLN1 is considered as a oncogene, and it is signif-
icantly elevated at both the RNA and protein levels in mesenchy-
moma tissues.53 HAPLN1 reappears in aggressive hepatocytes ex-
pressing cytoplasmic b-catenin and stem cell markers, and it is
associated with poor disease outcomes.54 HAPLN1 is also a suscep-
tibility gene for lung cancer.55 In RA, Urano et al.56 studied the cor-
relation between HAPLN1 gene polymorphism and spinal degener-
ative changes in 622 post-menopausal Japanese women and showed
that mutations in the specific HAPLN1 loci are related to spinal
degeneration. Furthermore, genome-wide association analysis
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1207
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Figure 5. AMPK Modulators Inhibited Migration of

RA-FLSs

(A) A scratch test was performed to evaluate the effects of

metformin and dorsomorphin on FLS migration, repre-

sented as scratch repair rate (%). Both the AMPK activator

(metformin) and inhibitor (dorsomorphin) inhibited FLS

migration significantly (n = 3). (B) A transwell assay

confirmed the effects of metformin and dorsomorphin on

FLS migration after treatment for 24 h (n = 3). A repre-

sentative example from three independent experiments is

shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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reported HAPLN1 as one of the important susceptibility genes for
ankylosing spondylitis in the Han population.57 In RA-FLSs, expres-
sion of the HAPLN1 gene was positively correlating with CRP that
reflects disease activity.36 This evidence led us to postulate HAPLN1
as a pathogenic factor in RA-FLSs. In addition, PKA-a, which exerts
a negative effect on AMPK activation,58 was found to be upregu-
lated by metformin treatment. Interestingly, we have identified up-
regulation of HAPLN1 expression on AMPK activation, which
showed a positive correlation with AMPK-a1 and PKA-a1.
HAPLN1 interacts with the globular domains of hyaluronic acid
and proteoglycans to form stable ternary complexes in various
extracellular matrices. Its main biological function is to maintain
the stable aggregation of hyaluronic acid and proteoglycan mono-
mers in the extracellular cartilage matrix,53 leading to stabilization
1208 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
of the binding interactions between hyaluronic
acid and chondroitin sulfate, which contribute
to the compression resistance in the joints.56

Perinatal mice containing targeted mutations
in the HAPLN1 gene developed lethal cartilage
dysplasia, suggesting the essential role of
HAPLN1 as a regulator of cartilage homeosta-
sis and formation.59 Based on the anti-inflam-
matory effects of AMPK, and its positive corre-
lation with HAPLN1, together with the critical
role of HAPLN1 reported in cartilage homeo-
stasis,37 we propose the AMPK-HAPLN1 axis
as a possible pathway for metformin functions
on FLSs, which could benefit RA patients.

In summary, metformin as the AMPK acti-
vator inhibited proliferation and migration
of RA-FLSs. Metformin also affected the
expression of many inflammatory and meta-
bolic molecules. Surprisingly, at lower concen-
trations, metformin increased the prolifera-
tion of RA-FLSs. Considering the dosage
used in the in vitro studies, it is most likely
that metformin may not be used as an effec-
tive drug for the treatment of RA patients.
However, it is clear that the AMPK pathway
is a valuable target for treatment for RA,
and developing new drugs targeting AMPK activation might be
more beneficial for protecting the joints in RA patients. In addi-
tion, increased HAPLN1 levels after AMPK activation observed
in our study might open up a new research direction to find drugs
to treat RA, which needs to be addressed with more functional ex-
periments with HAPLN1.

MATERIALS AND METHODS
Ethics Approval

This study was approved by the Ethics Committee of Integrated
Traditional Chinese and Western Medicine Hospital, Southern Med-
ical University, China (approval no. NFZXYEC-2017-002). Informed
consent was obtained from all participants in accordance with the
Declaration of Helsinki.



Figure 6. Metformin Inhibited Inflammatory

Cytokines by Promoting AMPK

Expression levels of inflammatory cytokines were

measured after culturing RA-FLSs with normal saline or

metformin for 36 h (n = 3). (A) Compared to controls,

expression levels of AMPK-a1 and PKA-a1 genes were

significantly increased while the expression of IL-6 was

significantly decreased in metformin-treated RA-FLSs.

(B and C) Negative correlation of AMPK-a1 with

RAPTOR (B) and IL-6 (C) gene expression. (D) Western

blot analysis of IL-1b and TNF-a levels. (E) Negative

correlation between p-AMPK-a1 and TNF-a levels. A

representative example from three independent experi-

ments is shown. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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Patients’ Samples

We enrolled 61 RA patients with comprehensive medical records
from the Rheumatology Department, Integrated Traditional Chinese
andWesternMedicine Hospital, SouthernMedical University, China,
between October 2017 to December 2018, including 17 males and 44
females. The disease activity was defined by the DAS28-ESR scores:
DAS28-ESR > 5.1, high activity; 3.2 < DAS28% 5.1, moderate activ-
ity; and DAS28% 3.2, low activity. Twenty OA patients were enrolled
as the control group. Patients with other autoimmune diseases, acute
inflammation, fever, thyroid disease, diabetes, and liver and kidney
diseases were excluded from the study. Patients’ sera were collected
for ELISA assays. Patients’ general information and laboratory tests,
including DAS28, ESR, CRP, and blood glucose, were collected
from the hospital information system (HIS). General information
on patients recruited is given in Table 1.

Enzyme-Linked Immunosorbent Assay

All blood samples were centrifuged after standing at room tempera-
ture for 2 h at 1,500 rpm for 10 min. The serum was collected with
1.5-mL Eppendorf (EP) tubes. AMPK-a1, p-AMPK-a1, TNF-a,
and IL-17 levels were analyzed using enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s protocols (R&D
Systems, USA). The ELx808 absorbance microplate reader was used
to read the optical density (OD) value at 450 nm. The samples’ con-
centrations were calculated based on the standard curve.
Molecular Therapy: Methods &
Analysis of Differentially Expressed Genes

between RA and OA Synovium

We analyzed the data of synovial tissues from
RA and OA patients obtained from
NCBI GEO profiles (GEO: GSE12021,23

GSE55235, and GSE5545724). DEGs were
selected based on the results having multiples
of difference (|log2fold change [FC]| > 1) and
significance level (adjusted p value, false dis-
covery rate [FDR] < 0.05). DEGs between
RA and OA patients intersecting in all three
datasets were selected for enrichment analysis
by submitting to the KOBAS 3.0 web tool
(http://kobas.cbi.pku.edu.cn/) for KEGG pathway enrichment
analysis.

Isolation and Culture of FLSs

FLSs were derived from synovial tissue specimens harvested from
three patients by needle arthroscopy. FLSs were isolated by enzyme
digestion and subsequently cultured in Dulbecco’s modified essential
medium (DMEM) containing 10% fetal bovine serum (FBS, Invitro-
gen) and antibiotics (penicillin and streptomycin) at 37�C with 5%
CO2. Cells cultured between passages 4 and 9 were used for this study.
Cells were frozen with cell freezing medium and stored in a �80�C
freezer until used.

High-Throughput mRNA Sequencing

High-throughput RNA sequencingwas performedwith FLSs fromRA
andOA patients (n = 3/group) (for patients’ information, see Table 2).
All the patients were free from other systemic and immune-related
diseases. DEGs were selected based on the results having multiples
of difference (|log2FC| > 1) and significance level (adjusted p value,
FDR < 0.05). Gene expression differences between RA and OA FLSs
were investigated using KEGG pathway enrichment analysis.

Immunohistochemical Studies

Synovium samples were collected from arthroscopic surgery done with
20RAand17OApatients for therapeutic purposes (general information
Clinical Development Vol. 17 June 2020 1209
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Figure 7. Metformin Promoted HAPLN1 in the PKA-

a1/RUNX1/RUNX2 Pathway

Relative HAPLN1 expression levels were measured after

culturing RA-FLSs with normal saline or metformin for 36 h

(n = 3). (A and B) HAPLN1 was increased significantly at

both mRNA (A) and protein (B) levels, whereas RUNX1

and RUNX2 were not regulated upon AMPK activation. (C

and D) Positive correlation between HAPLN1 and AMPK-

a1 at both mRNA (C) and protein (D) levels. (E and F)

Positive correlation of HAPLN1 with PKA-a1 (E) and

RUNX1 (F) genes. A representative example from three

independent experiments is shown. *p < 0.05.
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is given in Table 1). Streptavidin-biotin-based immunoperoxidase stain-
ing for p-AMPK-a1 was performed using IHC as follows: formalin-
fixed, paraffin-embeddedsynoviumspecimenswerecut into4-mm-thick
sections, deparaffinized, and treated with 0.3% hydrogen peroxide to
block endogenous peroxidase activity and 5% non-fat dry milk protein
as the blocking agent. Antigen retrieval was done by immersing the sec-
tions in boiling 0.01M sodium citrate buffer (pH 6.0) for 10min. Rabbit
anti-human p-AMPK-a1 antibodies (Proteintech, Chicago, IL, USA)
were added as primary antibodies at the dilution of 1:400 for 2 h and
incubated for 37�C. Biotin-conjugated goat anti-rabbit antibodies
(ZSGB-Bio, Beijing, P.R. China), streptavidin-peroxidase conjugate,
and diaminobenzidine were used as the detecting system.

qRT-PCR

Synovium specimens from 10 RA and 9 OA patients obtained by knee
arthroscopy (for patients’ general information, see Table 1). Speci-
mens were immersed in TRIzol reagent (Thermo Scientific, USA) af-
ter removing the adipose tissue under aseptic conditions and stored at
�20�C until used. The mRNA expression levels of AMPK-a1,
AMPK-a2, AMPK-g1, and AMPK-g3 genes were evaluated using
qRT-PCR. Briefly, total RNAwas extracted from individual synovium
samples using RNAzol BD (Molecular Research Center, Cincinnati,
OH, USA) following the manufacturer’s protocol. The extracted total
RNA was reverse transcribed into cDNA using PrimeScript RT mas-
1210 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
ter mix (Takara Bio, Shiga, Japan). qRT-PCR
analysis was conducted using the Applied Bio-
systems ViiA 7 real-time PCR system (Wcgene
Biotechnology, Shanghai, China). The reaction
mixture contained 5 mL of 2� TB Green Premix
Ex Taq II (Takara Bio, Shiga, Japan), 3 mL of
nuclease-free water, 1 mL of cDNA, 0.4 mL of
each gene-specific primer, and 0.2 mL of ROX
reference dye. The target mRNA was amplified
separately in duplicates. The expression levels
of the target mRNAs relative to GAPDH expres-
sion were calculated with the DCT method. The
primers for amplifying the target mRNAs are
listed in Table 3.

To evaluate the effects of metformin on FLSs,
relative mRNA expression levels of IL-6,
AMPK-a1, PKA-a, RAPTOR, mTOR, HAPLN1, RUNX1, and
RUNX2 genes were measured by qPCR. Each experiment was done
in triplicate. FLS samples digested using 0.25% pancreatin were trans-
ferred to two 96-well plates (105 cells/well). After 18 h of culture, the
FLSs were treated either with metformin (5 mM) or saline. The target
mRNA was amplified in duplicates, and its expression level relative to
GAPDHwas calculated using theDDCTmethod. Primers are listed in
Table 3.

MTT Assay

An MTT assay was used to ascertain the effects of metformin and
dorsomorphin on FLS viability at different concentrations. FLS
samples digested using 0.25% pancreatin were transferred to two
96-well plates with 3–5 � 103 cells/well. After 24 h of culture,
the FLSs were either treated with AMPK agonist metformin
(0, 1, 5, and 10 mM) or the antagonist dorsomorphin (0, 2.5, 5,
and 10 mM). Six replicates were used at each time point. At
different time intervals (0, 12, 24, 48, and 72 h), MTT solution
(5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) was added, fol-
lowed by a 4-h incubation period. Then, the culture medium
was aspirated and 150 mL of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the formazan crystals. OD was
measured at 490 nm using a Universal Microplate Reader (BioTek
Instruments, Winooski, VT, USA). Data curves were plotted with



Table 1. General Information of Patients Recruited or This Study

Patients’ Details, Who Donated Sera

General Information

RA (n = 61)

OA (n = 20)High Activity (n = 22) Moderate Activity (n = 20) Low Activity (n = 19)

Male/female 7:14 5:15 5:14 8:12

DAS28-ESR 5.58 ± 0.50**** 4.24 ± 0.55**** 2.44 ± 0.43**** NA

Age (years) 52.3 ± 12.5 48.5 ± 14.4 52.2 ± 12.2 64.2 ± 13.7

Patients’ Details, Who Donated Synovium for qPCR Studies

General Information RA (n = 10) OA (n = 9)

Male/female 2:8 5:4

Age (years) 54.2 ± 8.65 66.6 ± 8.61**

ESR (mm/h) 86.5 ± 50.5 37.8 ± 29.3**

CRP (mg/L) 19.1 ± 13.63 5.13 ± 7.19*

Patients’ Details, Who Donated Synovium for IHC Staining Studies

General Information RA (n = 20) OA (n = 17)

Male/female 8:12 5:12

Age (years) 50.5 ± 13.5 60.6 ± 8.9***

ESR (mm/h) 79.4 ± 46.9 39.4 ± 26.1***

CRP (mg/L) 27.3 ± 4.70 8.70 ± 4.30*

NA, not applicable. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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OD values on the y axis and time intervals on the x axis. Each
experiment was done in triplicate.

Scratch Test

A scratch test was performed to evaluate the effects of metformin and
dorsomorphin on FLS migration viability. Perpendicular and hori-
zontal coordinates were outlined with intervals of 0.5–1.0 cm on
the back of six-well plates with the adjusted density of 105 cells/
well. After incubation for 18 h, all cells were adhered to the plate,
and then a vertical scratch was made on the cell layer. FLSs in loga-
rithmic growth phase were treated using RPMI 1640 medium con-
taining metformin (5 mM), dorsomorphin (5 mM), or normal saline.
The cells were further incubated in DMEM medium with 5% CO2 at
37�C. The plates were imaged at 0, 6, 12, 24, and 36 h using an in-
verted microscope. Scratch width was measured at each time interval
using the ruler present in the Olympus CellSens standard microscope
(Olympus, Tokyo, Japan). Each experiment was done in triplicate.
Scratch repair rate was calculated using the following formula: wound
Table 2. Patients’ General Information

Case No. Sex Age (Years) Disease Course (Years) ESR (mm/h; Normative Value, 0–

OA1 female 48 0.9 45

OA2 male 54 2 5

OA3 female 55 10 80

RA1 female 51 5 150

RA2 female 49 6 50

RA3 female 41 2 100

Molecula
repair rate = [(initial scratch width � final scratch width)/initial
scratch width] � 100%.

Transwell Assay

A transwell assay was performed to evaluate the effects of metformin
and dorsomorphin on FLS migration capacity. After incubation with
metformin (5 mM), dorsomorphin (5 mM), or normal saline for 24 h,
FLSs were re-suspended and diluted to a concentration of 5� 104/mL
in serum-free medium. The cell suspension (200 mL) was added to the
upper chamber coated with Matrigel (BD Bioscience) diluted in
DMEM (1:3), while 500 mL of DMEM containing 10% FBS was added
in the lower chamber. Of note, the transwell insert consists of an 8.0-
mm-thick polyester membrane. After incubation for 12 h at 37�C, the
cells in the upper chamber were discarded and, from the lower cham-
ber, were fixed using 4% paraformaldehyde for 25 min and stained
with 0.1% crystal violet (Beyotime, USA) for 15 min. Next, mean
numbers of migrated FLSs in five random fields under a microscope
were counted. Each experiment was done in triplicate.
20) CRP (mg/L; Normal Value, 0–6) Albumin/Globulin (Normal Value, 1.2–2.5)

2.27 1.5

1.05 1.6

5.7 1.6

29.84 0.5

35.42 1.2

13.18 1.1
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Table 3. Sequences of qRT-PCR Primers

Primer Names Sense Primers (50/30) Antisense Primers (50/30)

AMPK-a1 TTGAAACCTGAAAATGTCCTGCT GGTGAGCCACAACTTGTTCTT

AMPK-a2 ATGCCAAGATAGCCGATTTCG TGCTGCATAATTTGGAGATCCG

AMPK-g1 CTGCACCGCTACTATAAATCAGC AGTCCTGGAGATACACCTCTCT

AMPK-g3 CCTGGGAGTGTGAGCTAGAAG GTTTCCGCAGTTCGTCATCC

IL-6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA

PKA-a AGCCCACTTGGATCAGTTTGA GTTCCCGGTCTCCTTGTGT

RAPTOR GCAGATTTGCCAACTATCTTCGG CAGCGGTAAAAGTGTCCCCTG

HAPLN1 TCTGGTGCTGATTTCAATCTGC TGCTTGGATGTGAATAGCTCTG

RUNX1 TCTTCACAAACCCACCGCAA CTGCCGATGTCTTCGAGGTTC

RUNX2 TCAACGATCTGAGATTTGTGGG GGGGAGGATTTGTGAAGACGG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

Molecular Therapy: Methods & Clinical Development
Automated Electrophoresis Western Blot Analysis

FLSs treated withmetformin (5mM) or saline for 36 h were examined
for relative changes in p-AMPK-a1, IL-1b, TNF-a, HAPLN1, and
TUBULIN-b3 levels by automated electrophoresis followed by west-
ern blot analysis. FLSs were seeded at 1–2 � 105 cells per well in six-
well plates. Mediumwas replaced in the wells with fresh medium con-
taining metformin (5 mM) or saline for 36 h. After aspiration of the
medium, cell monolayers were rinsed with 1 mL of ice-cold PBS and
lysed in 80 mL of lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% [v/v] Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM b-glycerophosphate) supplemented
with fresh 1 mM Na3VO4 and 1 mM dithiothreitol containing
1� protease inhibitor cocktail (Roche Applied Science, Basel,
Switzerland). Lysates were pre-cleared by centrifugation at
18,000 � g for 15 min at 4�C. Supernatants were collected and the
protein concentrations were measured using a Bradford assay
(Thermo Fisher Scientific, MA, USA). Lysates were adjusted to
5 mg/mL protein concentration. Capillary electrophoresis-western
blot analysis was carried out using reagents provided in the kit and
following instructions in the user manual (Wes, ProteinSimple, San
Jose, CA, USA). Briefly, 5.6 mL of the cell lysate was mixed with
1.4 mL of fluorescent master mix and heated at 95�C for 5 min. The
samples, blocking reagent, wash buffer, antibodies binding to tublin,
p-AMPK-a1, IL-1b, TNF-a, and hapln1 (1:100, R&D Systems), sec-
ondary antibodies, and chemiluminescent substrate were dispensed
into the microplates. The electrophoretic separation and immunode-
tection were performed automatically using default settings. Data
were analyzed using in-built Compass software for SW 4.0. The trun-
cated and full length of target protein intensities (area under the
curve) were normalized to those of the tubulin peak (control). In
most of the figures, electropherograms are represented as pseudo-
blots, generated using Compass software.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7.0 soft-
ware. All data are given as mean ± SD. Differences between
two groups were evaluated for statistical significance using a Stu-
1212 Molecular Therapy: Methods & Clinical Development Vol. 17 June
dent’s t test. One-way ANOVA with a Tukey’s multiple compari-
son test was used to evaluate the differences among three or more
groups. Correlations were evaluated using a linear regression
and correlation test. p <0.05 was considered as statistically
significant.
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