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l‑carnitine alleviates synovitis 
in knee osteoarthritis by regulating lipid 
accumulation and mitochondrial function 
through the AMPK‑ACC‑CPT1 signaling pathway
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Abstract 

Background  Knee osteoarthritis (KOA) is a disability-associated condition that is rapidly growing with the increase 
in obesity rates worldwide. There is a pressing need for precise management and timely intervention in the develop-
ment of KOA. l-carnitine has been frequently recommended as a supplement to increase physical activity in obese 
individuals due to its role in fatty acid metabolism, immune disorders, and in maintaining the mitochondrial acetyl-
CoA/CoA ratio. In this study, we aimed to investigate the anti-inflammatory effects of l-carnitine on KOA and deline-
ate a potential molecular mechanism.

Methods  Lipopolysaccharide-stimulated primary rat fibroblast-like synoviocytes (FLS) were treated with an AMP-
activated protein kinase (AMPK) inhibitor or siRNA and carnitine palmitoyltransferase 1 (CPT1) siRNA to examine the 
synovial protective effects of l-carnitine. An anterior cruciate ligament transection model of rats was treated with an 
AMPK agonist (metformin) and CPT1 inhibitor (etomoxir) to define the therapeutic effects of l-carnitine.

Results  l-carnitine displayed a protective effect against synovitis of KOA in vitro and in vivo experiments. Specifically, 
l-carnitine treatment can reduce synovitis by inhibiting AMPK-ACC-CPT1 pathway activation and showed an increase 
in fatty acid β-oxidation, a lower lipid accumulation, and a noticeable improvement in mitochondrial function.

Conclusions  Our data suggested that l-carnitine can mitigate synovitis in FLS and synovial tissue, and the underlying 
mechanism may be related to improving mitochondrial function and reducing lipid accumulation via the AMPK-ACC-
CPT1 signaling pathway. Therefore, l-carnitine may be a potential treatment strategy for KOA.
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Introduction
Knee osteoarthritis (KOA) is the most common form of 
arthritis and is characterized by the loss of structure in 
the articular cartilage, remodeling of the subchondral 
bone, generation of synovial inflammation, and osteo-
phyte formation [1]. The disease is triggered by a series 
of factors, with associated causative factors, e.g., obesity, 
age, trauma, sex, and ethnicity [2, 3]. OA affects 7% of the 
general population, and it is assessed that 1/3 of people 
over the age of sixty-five continue to be plagued by the 
complaint [4, 5]. This matches nearly 500 million indi-
viduals, a figure that increased by 48% from 1990 to 2019 
in the world [4, 5]. Although osteoarthritis is the lead-
ing cause of disability and the 15th highest cause of years 
lived with disability worldwide, no cure or disease-mod-
ifying treatments are available [2, 6]. The nonoperative 
treatment of KOA mainly includes anti-inflammatory 
drugs and biologics, such as non-steroidal anti-inflam-
matory drugs (NSAIDs), hyaluronic acid, glucocorticoids, 
diacrine, and chondroitin sulfate [7]. However, many 
people cannot accept the undesired side effects of these 
drugs such as gastric hemorrhage, perforation of gastric 
ulcers, and cardiovascular disease [8]. More importantly, 
exercise-based therapy to reduce body weight for the 
treatment of KOA is consistently recommended in treat-
ment guidelines [9]. Therefore, more recent research has 
shifted the focus to screening a drug that targets the lipo-
toxicity of individuals with fewer side effects to prevent 
and treat KOA [10, 11].

In the context of obesity, the accumulation of free fatty 
acids in joints leads to organ lipotoxicity, and rising lipid 
levels contribute to the occurrence of KOA, with con-
sequent tissue inflammation [12]. Significantly, a major 
pathway of lipid depletion is mitochondrial β-oxidation, 
and numerous studies have shown that improving mito-
chondrial function plays a crucial role in reducing lipid 
accumulation [13]. It is widely known that mitochon-
drial dysfunction (high ROS production, apoptotic cells, 
decreased ΔΨm, and low cellular ATP levels) boosts the 
pathogenesis of KOA because it involves lipid homeo-
stasis and cytokine release and promotes cell apoptosis 
[14, 15]. On the other hand, AMPK signaling, a regula-
tor of lipid metabolism and energy homeostasis, has been 
proven to limit the development and progression of 
osteoarthritis [16]. Specifically, AMPK can inactivate 
ACC by phosphorylation, resulting in reduced activity 
of malonate monoacyl coenzyme A (CoA) and reduc-
ing allosteric inhibition of CPT1, thereby enhancing the 
activity of CPT1, which transports long-chain fatty acids 
from carnitine to mitochondria for β-oxidation [17]. As 
the rate-limiting step for β-oxidation, the awakening of 
CPT1 can help maintain the balance of energy metabo-
lism and lipid metabolism [18]. Moreover, a previous 

study showed that overexpression of CPT1A can reverse 
the inflammation and fibrosis status of the kidneys by 
restoring mitochondrial homeostasis [19]. Thus, the acti-
vation of the AMPK-ACC-CPT1 pathway can promote 
β-oxidation of lipids, but its contribution in KOA still 
needs to be investigated in depth. l-carnitine, a quater-
nary ammonium compound, is essential for bioenergetic 
processes, where it acts as a fatty acid transporter of acyl 
radicals from the cytoplasm to the intramitochondrial 
sites for β-oxidation to complete the process of energy 
metabolism and lipid metabolism [20]. As mentioned 
above, l-carnitine is needed for CPT1 to work, and the 
levels of l-carnitine are also related to CPT1 transcrip-
tion and ketogenesis. In addition, cumulative evidence 
suggests that KOA as a metabolic disorder also requires 
energy metabolic pathways to meet the demands of tis-
sue repair; thus, l-carnitine shines in the area of energy 
supplementation [21]. A recent study demonstrated that 
l-carnitine supplementation can reduce synovial inflam-
mation and cartilage destruction and alleviate pain at 
the central and peripheral levels [22]. Our previous work 
also addressed the role of fibroblast-like synoviocytes 
(FLS) in AMPK signaling during KOA, accordingly sug-
gesting that these cells promote both the onset and the 
progression of synovitis by regulating AMPK Signal-
ing [23]. When LPS-induced inflammatory responses 
in FLS occur, TRPA1-mediated Ca2+ influx is enhanced 
and IL-1β, TNF-α expression is increased [24]. However, 
during KOA progression, whether l-carnitine exerts pro-
resolving effects of lipid mediators and safeguards effects 
of energy homeostasis by remodeling FLS development 
remains to be investigated.

In this study, we declared that l-carnitine supplemen-
tation can alleviate synovitis in knee osteoarthritis by 
regulating lipid accumulation and mitochondrial func-
tion. Further mechanistic studies revealed that l-car-
nitine ameliorates synovitis via the regulation of the 
AMPK-ACC-CPT1 signaling pathway. In conclusion, our 
study provides a rationale for the identification of l-car-
nitine as a potent therapeutic agent for the treatment of 
synovitis of KOA.

Materials and methods
Reagents
l-carnitine was obtained from Absin (Shanghai, China). 
Metformin was purchased from RHAWN (Shanghai, 
China). Compound C was obtained from APExBIO 
(Houston, USA). Etomoxir and HY-100965 were obtained 
from MedChemExpress (Monmouth Junction, NJ, USA). 
CCK8, D-Hanks and Rhodamine 123 were purchased 
from Solarbio (Beijing, China). LPS and 2′,7′-dichloroflu-
orescein diacetate were purchased from Sigma‒Aldrich 
(St. Louis, MO, USA). HE, Masson, Sirius Red, and 
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TUNEL kits were purchased from Servicebio (Wuhan, 
China). Antibodies against AMPK (Cat No: 5831) and 
pAMPK (Cat No: 50081) were obtained from Cell Sign-
aling Technology (Beverly, MA, USA). Primary antibod-
ies, including anti-ACC (Cat No: AF6421), anti-pACC 
(Cat No: AF3421), anti-IL-1β (Cat No: AF5103), and anti-
TNF-α (Cat No: AF7014) were supplied by Affinity Bio-
sciences (Cincinnati, OH, USA). Antibodies for CPT1A 
(Cat No: 15184-1-AP) and TRPA1 (Cat No: 19124–1-AP) 
were purchased from Proteintech Group (Rosemont, IL, 
USA). Anti-cytochrome c (Cat No: 21680) was obtained 
from Signalway Antibody (Maryland, USA). FBS was 
obtained from TransGen Biotech (Beijing, China). 
5 × HiScript II qRT SuperMix (Reverse transcription 
reagent) and TRIzol were obtained from Vazyme (Nan-
jing, China). Hieff qPCR SYBR Green Master Mix (Low 
Rox Plus) was obtained from Yeasen (Shanghai, China). 
DMEM was purchased from Nanjing BioChannel Bio-
technology Co., Ltd. (Nanjing, China). RIPA, type I col-
lagenase and serum medium Opti-MEM were obtained 
from Gibco (Rockville, USA). CultureSure Freezing 
Medium was supplied by FUJIFILM Wako Pure Chemi-
cal Corporation (Guangzhou, China). NcmECL Ultra was 
purchased from New Cell & Molecular Biotech (Suzhou, 
China). ELISA kits for IL-1β, IL-6, IL-8, IL-10, and 
TNF-α were supplied by Jinyibai Biotechnology Co., Ltd. 
(Nanjing, China). MDA, SOD, and CPT1 detection kits 
were supplied by Ziker Biological Technology Co., Ltd. 
(Shenzhen, Guangzhou, China). Enhanced ATP Assay 
Kit, Fluo-4 AM, Antifade Mounting Medium with DAPI, 
and BCA protein detection kit were supplied by Beyo-
time (Shanghai, China).

Strategies for FLS
Primary FLS were isolated from male Sprague Dawley 
(SD) rats weighing approximately 180–200 g as described 
previously [25]. In brief, the synovial tissues were col-
lected, washed with PBS, chopped with scissors, and 
soaked in PBS mix with type I collagenase (4 mg/mL) in 
cell culture incubators for 3  h. After filtration, centrifu-
gation, precipitation, and resuspension, FLS were cul-
tured in complete culture media (DMEM with 10% fetal 
bovine serum, 1% antibiotics) and maintained at 37 °C in 
a humidified incubator of 5% CO2 and 95% air. The mor-
phology of FLS was assessed by an inverted microscope 
with a Leica Qwin System (Leica, Germany). To prevent 
deprivation of the cell phenotype, we chose FLS within 
the 3rd to 6th generations for successive experiments.

To explore the protective influences of l-carnitine, the 
cell processing protocol is as follows:

1.	 Control group: FLS were not treated except for 
medium replacement.

2.	 LPS group: FLS were exposed to 10  μg/mL LPS for 
6 h.

3.	 LPS + l-carnitine: l-carnitine (2.5 mM) was adminis-
tered for 24 h to LPS-treated FLS.

4.	 LPS + l-carnitine + Compound C: Compound C pre-
treatment at 10 μM for 12 h in LPS-treated FLS, and 
2.5 mM l-carnitine was administered for 24 h.

5.	 LPS + l-carnitine + siRNA: siRNA pretreatment 
at 100 nM for 6 h in LPS-treated FLS, and 2.5 mM 
l-carnitine was administered for 24 h.

Cell viability
Cell viability was determined by the CCK8 method 
according to the manufacturer’s protocol. Briefly, FLS 
were transferred to 96-well plates (10,000/well) for 24 h 
and then incubated in various concentrations of l-carni-
tine (2.5, 5, 10, and 100 mM) or DMSO alone for 24 h. 
Afterward, 10 μL of CCK8 was added to each well and 
incubated at 37 °C for 2 ~ 3 h. Finally, a microplate spec-
trophotometer (Envision, PerkinElmer, Waltham, MA) 
was used to detect the OD values at 450 nm.

Transfection with small interfering RNA (siRNA)
Transfection with siRNA was performed according to 
our previous report [26]. Briefly, FLS were transfected 
with 100  nM AMPK siRNA (Genepharma, Shang-
hai, China), 100 nM CPT1 siRNA, or scrambled siRNA 
(sc-156134 and sc-37007; Santa Cruz, CA, USA) using 
Lipofectamine 2000 Transfection Reagent (Invitrogen, 
Carlsbad, CA, USA) with reduced serum medium Opti-
MEM. The mRNA and protein levels of AMPK were 
measured by immunoblot and real-time PCR analy-
ses. AMPK sequence: siRNA1: 5′-GCA​CGA​GUU​GAC​
UGG​ACA​UTT, AUG​UCC​AGU​CAA​CUC​GUG​CTT-3′, 
siRNA2: 5′-CCU​UUC​UGG​UGU​GGA​CUA​UTT, AUA​
GUC​CAC​ACC​AGA​AAG​GTT-3′, siRNA3: 5′-CCA​UUC​
UUG​GUU​GCC​GAA​ATT, UUU​CGG​CAA​CCA​AGA​
AUG​GTT-3′. After 6 h of transfection, the solution was 
exhausted and incubated in a cell culture medium for 
24 h to validate the transfection efficiency.

Biochemical measurements
After drug administration treatment, cells or tissues were 
collected and crushed using an ultrasonic cell disrupter 
system (Sonopuls, Enraf Nonius, Rotterdam, The Neth-
erlands). Carnitine palmitoyltransferase-1 (CPT1), super-
oxide dismutase (SOD), and malonaldehyde (MDA) were 
detected using the corresponding assay kits. The experi-
mental procedures strictly followed the instructions of 
the manufacturer.
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ATP Production, ΔΨm and ROS
ATP content was determined using the Enhanced ATP 
Assay Kit. Lysed cells or tissues were centrifuged at 
12,000×g for 10 min, and the supernatant was collected. 
FLS were lysed with 200 μL of ATP-lysate reagent and 
centrifuged at 12,000×g for 10 min. Subsequently, 20 μL 
of the supernatant was transferred into a 96-well black 
lightproof plate, and then 100 μL of ATP detection rea-
gent was added to each well for 5 min. The chemilumi-
nescence of each well was monitored on a microplate 
spectrophotometer (Envision, PerkinElmer, Waltham, 
MA) in luminance mode within 30 min.

The ΔΨm was measured using Rhodamine 123. FLS 
were rinsed with PBS twice, and 2 mL of Rhodamine 123 
solution (5 μm) was added to each well and dyed at 37 °C 
for 20  min in the dark. The staining solution was dis-
carded, and the FLS were washed 3 times with D-Hanks. 
The change in ΔΨm was observed under a Nikon Eclipse 
E100 (Nikon, Japan), and the fluorescence intensity 
reflected the level of ΔΨm.

ROS levels were detected using 2′,7′-dichlorofluores-
cein diacetate according to the manufacturer’s protocol. 
ROS working solution (10  μm) was added to FLS and 
incubated at 37 °C for 15 min in the dark. Then, the cells 
were washed with D-Hanks twice and photographed 
under a Nikon Eclipse E100 (Nikon, Japan). The aver-
age fluorescence intensity of the cells was analyzed using 
Image-Pro Plus software (Media Cybernetics Inc.).

Immunofluorescence and Confocal Microscopy
Fluorescence staining was performed as described pre-
viously [26]. Briefly, FLS were seeded on glass slides, 
washed twice with D-Hanks, fixed with 4% paraformal-
dehyde, and then permeabilized with 0.2% Triton X-100. 
Then, 5% BSA was employed to block nonspecific anti-
gens on each slide. Thereafter, D-Hanks was used to 
rinse the samples, which were inoculated with primary 
antibodies against pAMPK (1:300) and CPT1 (1:300) at 
cold storage overnight. Rinsing of glass plates was done 
the next day and then inoculated with CoraLite594 or 
Fluor488-conjugated secondary antibodies (1:200) in the 
dark for 1 h, followed by labeling using Antifade Mount-
ing Medium with DAPI for 10 min. A random selection 
of six regions for every slide was observed and captured 
under an LSM700 laser scanning confocal microscope 
(Zeiss, Germany).

Ca2+‑influx Measurements
Calcium influx in FLS after TRPA1 opening was observed 
by calcium imaging as in our previous study [24]. In brief, 
FLS were incubated with 5  μM Fluo-4-AM for 30  min, 
and the intracellular influx of calcium was observed 

under an LSM700 laser scanning confocal microscope 
(Zeiss, Germany) at a 1/s frequency. Then, FLS were 
washed twice with D-Hanks to eliminate extracellular 
Fluo-4-AM. In the measurements, basal fluorescence 
was first recorded for 30 s until the TRPA1 agonist (HY-
100965, 100 μM) was added at 37  °C, and the following 
measurement ensued for 60 s.

Western blotting
Western blot analysis was performed as described pre-
viously [27]. In short, tissue or cellular proteins were 
extracted using RIPA buffer containing 0.1% PMSF and 
then quantified by the BCA method. Aliquots of pro-
tein lysates were electrophoresed on a sodium dode-
cyl sulfate–polyacrylamide gel, transferred from the gel 
onto a PVDF membrane, and blocked with 5% BSA for 
1  h. Membranes were incubated overnight at 4  °C with 
a range of 1:1000–2000 dilutions of AMPK, pAMPK, 
ACC, pACC, TRPA1, IL-1β, TNF-α, cyc, and β-actin pri-
mary antibodies, followed by HRP-conjugated second-
ary antibodies. Protein bands were visualized with an 
ECL detection kit, and the intensity of protein bands was 
quantitated by Image Lab 6.1 software (Bio-Rad Labora-
tories, Hercules, CA).

Quantitative Real‑time PCR
RNA extraction and quantitative real-time PCR were 
performed according to our previously reported method 
[27]. Briefly, total RNA was extracted from synovial tis-
sues and FLS using TRIzol. Then, researchers estimated 
the contamination by the A260/280 (between 1.8 and 
2.0) and the integrity by electrophoresis to confirm RNA 
quality, which includes purity and integrity. Next, cDNA 
was synthesized using 1  µg of RNA with a PrimeScript 
RT Reagent Kit with gDNA Eraser following a set proce-
dure (50  °C, 15  min; 85  °C, 5  s). PCRs were performed 
using qPCR mix according to the manufacturer’s instruc-
tions in an ABI 7500 PCR system (Applied Biosystems, 
USA). The gene expression level was normalized to that 
of the external control housekeeping gene β-actin mRNA 
and calculated by the 2−ΔΔCT data analysis method. The 
primer sequences are given in Table 1.

Table 1  Primer sequences of the target genes

Gene Forward Reverse

AMPK
ACC​
TRPA1
IL-1β
TNF-α
CPT1A
β-actin

AGA​TAT​CAG​GGA​ACA​TGA​ATGG​
GAG​TCT​GGC​TAC​TAC​TTG​GA
GAA​TTT​CCA​AGA​TGC​CTT​CAG​
TTC​ATC​TTT​GAA​GAA​GAG​CCC​
CTT​CTC​ATT​CCT​GCT​CGT​G
ATT​TGT​GGG​AGT​ATG​TCA​TGG​
CTT​CCT​GGG​TAT​GGA​ATC​CT

ATG​GTT​GAA​CTA​TAA​GAC​GGG​
ATA​CGC​CTG​AAA​CAT​GAT​CTG​
CGG​TAA​TTG​ATG​TCT​CCC​AG
CTG​TCT​AAT​GGG​AAC​ATC​ACAC​
TTT​GGG​AAC​TTC​TCC​TCC​T
GGT​TGG​TGT​CTC​CTT​TAC​AG
TCT​TTA​CGG​ATG​TCA​ACG​TC
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ELISA
The inflammatory cytokines in the supernatants of FLS 
or the serum of rats were detected with ELISA kits as 
described by the manufacturer. The absorbance was 
measured at 450 nm using a microplate spectrophotom-
eter (Envision, PerkinElmer, Waltham, MA).

Animals
Four-week-old male SD rats of specific pathogen-free 
(SPF) grade for experiments were obtained from Nan-
jing Qinglong-shan Animal Farm (SCXK(SU) 2017-0001, 
China). The animals were kept adaptively for 7 days. Rats 
were housed in an SPF-grade environment with con-
trolled temperature and humidity and were free of spe-
cific pathogens. The protocol for animal care and usage 
was approved by the Animal Care and Use Committee of 
Nanjing University of Chinese Medicine (Approval num-
ber: A210101) and followed the Guide for the Care and 
Use of Laboratory Animals of the National Institutes of 
Health.

Animals were randomly numbered and divided into five 
groups (n = 6 in each group): control group, ACLT group, 
l-carnitine group, l-carnitine + Metformin group, and 
l-carnitine + Etomoxir group. Figure 4a shows the over-
all timeline of our animal experiments. After one week of 
adaptive feeding, we started modeling, and that day was 
recorded as Day 7. The rats in the control group were 
subjected to a sham operation and were later treated with 
0.9% NaCl only. Except for the control group, the anterior 
cruciate ligament (ACLT) was destroyed in the other four 
groups of rats, both knees. On Day 21, rats in the l-carni-
tine group received l-carnitine orally at a concentration 
of 100 mg/kg of rat weight, once a day, for 4 weeks [22]. 
In addition to oral l-carnitine, metformin was admin-
istered either intraperitoneally (ip, solubilized in 0.9% 
NaCl) at a concentration of 100 mg/kg of rat weight twice 
a day for 4  weeks in the l-carnitine + Metformin group 
[28]. In addition to oral l-carnitine, etomoxir (5  mg/kg 
of body weight) was dissolved in 0.9% (w/v) NaCl and 
administered intraperitoneally once every three days for 
4 weeks in the l-carnitine + Etomoxir group [19]. At the 
end of the administration, we sacrificed the rats by intra-
peritoneal injection of 3% pentobarbital sodium (100 mg/
kg), and the tissue samples were processed differently 
according to the different experimental protocols.

Histological analysis
Synovial tissues were fixed in 4% paraformaldehyde, 
paraffin-embedded, and then transversely sectioned 
for routine HE staining. Sirius Red and Masson stain-
ing were performed according to the instructions of the 
kit. Approximately 5  μm samples were observed under 
a Leica DMI-3000B microscope (Leica, Germany). The 

histological score of the synovium was determined 
according to Krenn’s score [29]. The degree of synovial 
fibrosis was evaluated by calculating the positive area of 
collagen fibers and the percentage of collagen I positive 
areas with ImageJ (National Institutes of Health, USA, 
available at http://​rsbweb.​nih.​gov/​ij/).

TUNEL staining
The degree of apoptosis was detected by TUNEL stain-
ing in synovial tissues. All experiments were performed 
according to the manufacturer’s instructions. Tissue sec-
tions were observed under a Leica DMI-3000B micro-
scope (Leica, Germany). The level of apoptosis is shown 
as a percentage of the number of TUNEL-positive cells to 
the number of total cells.

Immunohistochemistry
Paraffin sections of synovial tissues were deparaffinized, 
rehydrated in descending grades of ethanol, preincubated 
with BSA for 10  min, and then treated in cold storage 
overnight with primary antibody (CPT1; 1:500 dilution). 
The sections were HRP-conjugated IgG secondary anti-
bodies (1:1000 dilution) for 30  min. Finally, the slices 
were rinsed with PBS, and images of the sample sections 
were acquired using a Leica DMI-3000B microscope 
(Leica, Germany). The positive cells were quantified 
using ImageJ software.

Statistical analysis
The experimental data are presented as mean ± SD. 
GraphPad Prism 7.14 Software (San Diego, CA, USA) 
was employed to analyze the data and prepare graphs. 
Data were assessed with one-way analysis of variance 
(ANOVA) and then by Tukey’s test for comparison 
between model and treatment groups. A value of P < 0.05 
was considered statistically significant.

Results
AMPK mediated the synovioprotective effect of l‑carnitine 
in an LPS‑stimulated FLS model
Our previous data have sufficiently demonstrated that 
FLS are involved in the progression of KOA via the secre-
tion of various proinflammatory cytokines, such as IL-1β, 
IL-6, IL-8, and TNF-α [27, 30]. To investigate the mecha-
nisms underlying the protective effects of l-carnitine, 
we proposed that l-carnitine may protect against LPS-
induced inflammation. FLS were first identified by HE and 
anti-vimentin immunostaining (Fig.  1a). The CCK8 assay 
was performed to investigate the viability of FLS treated 
with different l-carnitine concentrations (0, 2.5, 5, 10, and 
100  mM) (Fig.  1b). Meanwhile, the LDH assay revealed 
that l-carnitine has no side toxicity to FLS at concentra-
tions lower than 10  mM (Fig.  1c). To further verify the 

http://rsbweb.nih.gov/ij/
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role of AMPK in the anti-inflammatory effect, we used the 
AMPK inhibitor compound C. Compound C was preincu-
bated with FLS for 12 h to inhibit the activation of AMPK 
in advance, and FLS were then treated with l-carnitine for 
another 24  h. Cell supernatant was collected from each 
group, and the levels of IL-1β, IL-6, TNF-α, IL-8, and IL-10 
were determined by ELISA. As shown in Fig. 1d, l-carni-
tine not only inhibited the expression of proinflammatory 
factors (IL-1β, IL-6, TNF-α, and IL-8) but also promoted 
the production of an anti-inflammatory factor (IL-10), sug-
gesting the anti-inflammatory properties of l-carnitine. In 
addition, to investigate whether the regulation of AMPK/
ACC by l-carnitine could play a pivotal role in the anti-
inflammatory effects, we performed immunofluorescence 
(Fig.  1e), ATP detection (Fig.  1f), immunoblot analysis 
(Fig.  1g), and real-time PCR (Fig.  1h). As expected, the 
contents of pAMPK and pACC in the l-carnitine group 
were significantly increased compared with those in the 
LPS group, and l-carnitine increased the level of ATP. 
Moreover, compound C preadministration eliminated the 
enhanced activity of l-carnitine on AMPK/ACC signaling. 
Taken together, these findings suggest that l-carnitine is a 
potent drug that increases the phosphorylation of AMPK 
and ACC to reduce synovial inflammation in the LPS-stim-
ulated FLS model.

l‑carnitine induced CPT1 upregulation mediated by AMPK 
in an LPS‑stimulated FLS model
l-carnitine, as a substrate of CPT1, is a naturally occur-
ring bioactive amino acid that promotes the conversion of 
fat into energy and therefore has an important role in lipid 
lowering (Fig. 2a). CPT1A is known to be expressed in the 
liver, lymphocytes, and fibroblasts [18], but its expression 
and location in FLS are unknown. Further experiments 
demonstrated that CPT1A is mainly located in the mito-
chondria of living cells, which can be directly and conveni-
ently observed by confocal microscopy (Fig. 2b). Numerous 
studies have shown a crucial role for the AMPK/CPT1 
pathway in inflammatory diseases [31]. In this study, we 
hypothesized that l-carnitine induced CPT1 upregulation 
mediated by AMPK in the LPS-stimulated FLS model. To 
test this hypothesis, we employed AMPK siRNA to inves-
tigate the effect of l-carnitine on the AMPK/CPT1 path-
way in FLS (Fig. 2c, d). Next, several assessment factors of 
CPT1 were detected by immunoblot and densitometric 
analysis (Fig.  2e, f ), CPT1 activity analysis (Fig.  2g), and 
real-time PCR analysis (Fig.  2h) in LPS-treated FLS. The 

obtained results revealed that inhibition of AMPK expres-
sion led to a decrease in the level of CPT1 and that l-car-
nitine could increase the level of CPT1. Overall, these data 
suggest that CPT1 is a downstream protein of AMPK and 
that l-carnitine treatment increases CPT1 expression in 
the FLS model.

l‑carnitine regulates lipid accumulation and mitochondrial 
function and inhibits TRPA1‑mediated inflammatory 
amplification through the CPT1 signaling pathway in vitro
To determine whether l-carnitine regulates lipid accumu-
lation and mitochondrial function and inhibits TRPA1-
mediated inflammatory amplification through the CPT1 
signaling pathway in FLS, we used various biological meth-
ods to examine the effect of l-carnitine. First, CPT1 siRNA 
was used in this experiment, and we found that treatment 
with 2.5 mM l-carnitine significantly decreased the cellu-
lar ROS content (Fig. 3a). Cell apoptosis leads to a decrease 
in ΔΨm and a reduction in the fluorescence intensity in 
FLS. Following Rhodamine 123 staining, the obtained 
results showed that the LPS group exhibited a loss in ΔΨm 
and that l-carnitine significantly enhanced the fluores-
cence intensity of ΔΨm (Fig.  3b). Cytochrome c (Cyc) is 
released from the mitochondrial inner membrane into the 
cytoplasm when mitochondria are disrupted. l-carnitine 
administration significantly decreased the level of cellular 
cyc compared with LPS-treated FLS (Fig. 3c). Second, lipid 
accumulation was partially assessed by MDA content and 
SOD activity. We observed a decrease in MDA content in 
FLS cultured with l-carnitine for 24 h, but the reverse pat-
tern of SOD activity was observed (Fig. 3d, e). Third, pro-
tein detection experiments demonstrated that the elevated 
expression of TRPA1, IL-1β, and TNF-α in LPS-treated 
FLS was abolished by treatment with l-carnitine (Fig. 3f). 
Last, our previous studies confirmed that LPS enhanced 
Ca2+ influx, as mediated by TRPA1 in OA-FLS [24]. We 
also investigated whether the anti-inflammatory effect of 
l-carnitine is related to the TRPA1-mediated LPS-induced 
inflammatory response in FLS. The obtained results 
showed that l-carnitine inhibited TRPA1-mediated cal-
cium influx (Fig. 3g). Collectively, these data demonstrate 
that l-carnitine can regulate lipid accumulation and mito-
chondrial function and inhibit TRPA1-mediated inflam-
matory amplification through the CPT1 signaling pathway.

Fig. 1  AMPK mediated the synovioprotective effect of l-carnitine in an LPS-stimulated FLS model. a HE and anti-vimentin immunostaining of 
FLS for cell identification. b The cell viability of l-carnitine on FLS. c Toxicity was detected by LDH. d ELISA measurement of IL-1β, IL-6, IL-8, TNF-α, 
and IL-10 levels in the supernatant. e Immunostaining shows that pAMPK is increased after l-carnitine administration (× 630 magnification). f ATP 
detection shows that l-carnitine can replenish ATP levels. g Immunoblot analysis of AMPK, pAMPK, ACC, and pACC. h Real-time PCR data of AMPK 
and ACC. Data are presented as the mean ± SD (n = 3). ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Fig. 2  l-carnitine induced CPT1 upregulation mediated by AMPK in an LPS-stimulated FLS model. a The chemical structural formula of l-carnitine. 
b Immunostaining shows that CPT1A is located in the mitochondrion (× 630 magnification). c, d The silencing effect of the AMPK siRNA was 
confirmed by immunoblot and real-time PCR analyses. e, f Immunoblot analysis showing the effects of l-carnitine (2.5 mM) or AMPK siRNA (100 nM) 
on CPT1 in primary FLS exposed LPS. g The l-carnitine group showed a significant upregulation of CPT1 activity compared with the LPS group. h 
PCR data showing the mRNA levels of CPT1 in FLS treated with 2.5 mM l-carnitine for 24 h compared to LPS-treated cells. Data are presented as the 
mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001
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l‑carnitine induced AMPK phosphorylation and expression 
to protect against synovitis and delayed OA progression 
in the ACLT‑induced model
The results of the dissociative experiments prompted us 
to further investigate the anti-inflammatory potential of 
l-carnitine in animal experiments. The animal experi-
ment process is shown in Fig. 4a, and the KOA model was 
identified by HE staining of cartilage (Fig. 4b). To directly 

assess whether l-carnitine could induce a histopathologi-
cally ameliorative effect on synovitis, HE, Masson, and 
Sirius Red staining were applied. HE staining (Fig.  4c) 
showed that the ACLT group exhibited a large infiltration 
of inflammatory cells, disorganized synovial cell arrange-
ment, and increased density and proliferation of synovial 
cells. The rats that received l-carnitine alone or in com-
bination with metformin exhibited less inflammatory 

Fig. 3  l-carnitine regulates lipid accumulation and mitochondrial function and inhibits TRPA1-mediated inflammatory amplification through the 
CPT1 signaling pathway in vitro. a, b l-carnitine administration significantly reduced the production of ROS (× 100 magnification) and preserved 
ΔΨm (× 20 magnification). c The protein levels of cyc were determined. d, e l-carnitine administration significantly reduced the content of MDA 
and increased the antioxidant enzymes (SOD activity). f Immunoblot analysis of TRPA1, IL-1β and TNF-α. Representative blots were from three 
independent experiments. g Representative photographs of Ca.2+ fluorescence intensity in different FLS treatment groups at 0, 30, 60, and 90 s 
(× 630 magnification). Data are presented as the mean ± SD (n = 3). ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
Fig. 4  AMPK phosphorylation and expression protect against synovitis and delay OA progression in the ACLT-induced model. a Process diagram of 
animal experiment. b HE staining of cartilage (× 100 magnification). c HE staining of synovial tissue (× 100 magnification, n = 6). d Krenn’s scores of 
synovitis in each group. e Masson staining of synovial tissue (× 100 magnification, n = 6). f Masson’s trichrome-positive area in each group. g Sirius 
Red staining of synovial tissue (× 100 magnification, n = 6). h Type I collagen (% Area) in each group. i Real-time PCR data of AMPK and ACC (n = 3). j 
Immunoblot analysis of AMPK, pAMPK, ACC, and pACC (n = 3). Data are presented as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 4  (See legend on previous page.)
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cell infiltration, resident cell hyperplasia, and formation 
of lining cell layers than the ACLT group. Krenn’s scores 
were consistent with synovial pathology (Fig.  4d). Mas-
son staining (Fig. 4e, f ) showed that the l-carnitine and 
l-carnitine + Metformin groups had less synovial fibro-
sis than the ACLT group. Moreover, Sirius Red staining 
showed that the l-carnitine groups had decreased dep-
osition of type I collagen fibers compared to the ACLT 
group (Fig.  4g, h). Meanwhile, regardless of HE, Mas-
son, or Sirius Red staining, the l-carnitine + Metformin 
groups had a better alleviating effect on inflammation 
and fibrosis than the l-carnitine group. The results of 
real-time PCR (Fig. 4i) and immunoblot analysis (Fig. 4j), 
which were consistent with the cell experiments, showed 
that l-carnitine increased the levels of pAMPK and 
pACC. Taken together, these data show that l-carnitine 
can limit synovitis in ACLT-induced KOA animals and 
that its mechanisms may be associated with the increased 
phosphorylation of AMPK and ACC.

l‑carnitine‑induced enhancement of CPT1 mediated 
by AMPK protects against synovitis in the synovial tissue 
of rats
Numerous studies have shown that CPT1 catalyzes the 
reversible transfer of acyl groups between coenzyme 
A (CoA) and l-carnitine [17]. In this study, we hypoth-
esized that l-carnitine induced an enhancement of 
AMPK-mediated CPT1 that may play a key role in the 
protection against synovitis of KOA. To test this hypoth-
esis, we used different biological methods to examine the 
effect of l-carnitine. First, immunohistochemistry results 
revealed that l-carnitine treatment clearly increased 
the level of CPT1 (Fig.  5a). In addition, several assess-
ment factors of CPT1 were detected by immunoblot, and 
densitometric analysis (Fig.  5b), real-time PCR analysis 
(Fig. 5c), and CPT1 activity analysis (Fig. 5d) in the ACLT 
model. The obtained results revealed that l-carnitine 
increased the level of CPT1. Finally, ELISA of rat serum 
demonstrated that l-carnitine reduced the expression 
of inflammatory cytokines, including IL-1β and IL-6, 
and promoted the production of anti-inflammatory fac-
tors, including IL-10 (Fig. 5e). Overall, these data suggest 
that overexpression of AMPK increases CPT1 expression 
levels, and l-carnitine administration increases CPT1 
expression in the ACLT-induced KOA model.

l‑carnitine improved mitochondrial function and lipid 
accumulation through CPT1 to achieve anti‑inflammatory 
effects in the KOA model of rat
Finally, to confirm whether l-carnitine improved mito-
chondrial function and lipid accumulation through 
CPT1 to achieve anti-inflammatory effects in the 
ACLT-induced KOA model, we used different biological 

methods to examine the effect of l-carnitine. First, eto-
moxir, a potent irreversible inhibitor of CPT1, was used 
in this experiment, and some research data have shown 
that it can inhibit lipid oxidation by targeting CPT1 [32]. 
Then, we examined inflammation-related proteins and 
genes in the ACLT-induced KOA model by real-time 
PCR analysis (Fig.  6a–c), immunoblot and densitomet-
ric analysis (Fig.  6d–f). The obtained results showed 
the significant inhibition of protein and mRNA expres-
sion of TRPA1, IL-1β, and TNF-α by treatment with 
l-carnitine in comparison to the ACLT group. Next, we 
analyzed mitochondrial function by detecting TUNEL 
staining and cyc expression. We found that the number 
of TUNEL-positive cells increased in the ACLT group, 
while l-carnitine inhibited this upregulation (Fig. 6g). In 
addition, the level of cyc was significantly downregulated 
by treatment with l-carnitine (Fig. 6h). Moreover, MDA 
content and SOD activity in serum were applied to evalu-
ate lipid accumulation. l-carnitine not only inhibited 
the content of MDA but also promoted the production 
of SOD activity (Fig. 6i, j). Collectively, these data dem-
onstrate that l-carnitine can regulate lipid accumulation 
and mitochondrial function and inhibit the inflammatory 
response via the CPT1 signaling pathway.

Discussion
KOA is one of the most common disabling joint disor-
ders, and approximately 44.7% of patients with OA are 
at risk of developing a disability in their lifetime [4]. This 
situation is not optimistic because the aging population is 
rapidly increasing. KOA is characterized by articular car-
tilage injury, accompanied by synovitis and subchondral 
bone sclerosis [5]. Major risk factors for KOA include 
obesity, age, genetics, trauma, and metabolism [2, 3]. As 
one of the risk factors, obesity has a role in OA, including 
increased joint loads, altered metabolism, and low-grade 
inflammation [33]. Obesity can cause several metabolic 
abnormalities, one of which is abnormal lipid metabolism 
[34]. Therefore, it is worth evaluating the direct effects of 
metabolic pathways on KOA, especially in circumstances 
of obesity and energy deficiency. To date, there are no 
known therapies that can alter the progression of KOA or 
prevent its occurrence [6]. Thus, the focus of KOA man-
agement remains on alleviating inflammatory conditions 
[35].

Here, we have revealed and characterized a unique 
mechanism of l-carnitine-induced anti-inflammatory 
effects in KOA synovitis, and the underlying mechanism 
may be related to improving mitochondrial function and 
reducing lipid accumulation via the AMPK-ACC-CPT1 
signaling pathway. This may serve as a potential target 
for KOA therapy. More particularly, we found that l-car-
nitine may protect the synovium against LPS-induced 
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and ACLT-induced impairment by suppressing inflam-
mation. Treatment with l-carnitine can upgrade the 
inflammatory microenvironment of KOA synovitis 
in vivo and inhibit the production and release of inflam-
matory cytokines in  vitro. Consistent with a previous 
study, a potential mechanism for the anti-inflammatory 
effect of l-carnitine is related to the inhibition of TRPA1-
mediated calcium influx. Interestingly, we found that 
CPT1 is a downstream protein of AMPK, and inhibi-
tion of AMPK expression leads to a decrease in the level 
of CPT1. Moreover, l-carnitine treatment increased 
pAMPK, pACC, and CPT1 expression in the FLS model 
and ACLT animal model. Importantly, we further found 
that l-carnitine has a critical role in alleviating synovitis 
in the KOA model by regulating lipid accumulation (ROS 
generation, MDA content, and SOD activity) and mito-
chondrial function (ROS generation, cellular ATP levels, 

ΔΨm, and cell apoptosis). To our knowledge, few stud-
ies have been reported to estimate the role of l-carnitine 
in protecting synovitis [22], in particular the protection 
against excessive inflammation via the AMPK-ACC-
CPT1-dependent energy pathway is not seen.

AMPK is a critical bioenergy sensor, and the func-
tional role of AMPK has been extensively studied in 
lipid metabolism (fatty acids, mitochondria, and cho-
lesterol), glucose metabolism, protein synthesis, inflam-
mation mitigation, mitochondrial biogenesis, apoptosis, 
and many other aspects [21]. AMPK is known to play a 
role in the treatment of obesity and metabolic disorders 
by inhibiting anabolic pathways and enhancing catabolic 
pathways [36]. Therefore, AMPK has become a promis-
ing therapeutic strategy for regulating the energy homeo-
stasis of specific organs or tissues to some extent. Most of 
the research on AMPK in KOA focuses on cartilage, and 

Fig. 5  l-carnitine-induced enhancement of CPT1 mediated by AMPK protects against synovitis in the synovial tissue of rats. a 
Immunohistochemistry shows that the l-carnitine group showed a significant upregulation of CPT1 compared with the ACLT group (positive cells 
are shown with blue arrows, × 200 magnification, n = 6). b Immunoblot and densitometric analysis of CPT1 (n = 3). c Real-time PCR analysis of CPT1 
(n = 3). d CPT1 activity analysis in the serum (n = 3). e ELISA measurement of IL-1β, IL-6, and IL-10 levels in the serum (n = 6). Data are presented as 
the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001



Page 13 of 17Liao et al. Journal of Orthopaedic Surgery and Research          (2023) 18:386 	

some studies reveal the relationship between abnormal 
AMPK activity and synovial pathological changes in OA. 
For example, chitosan oligosaccharide ameliorated the 
degree of synovitis in vitro and in vivo via AMPK activa-
tion [37]. Moreover, AMPK plays a primary role in con-
trolling lipid metabolism by modulating the downstream 
ACC and CPT1 pathways [36]. As demonstrated above, 

the activation of AMPK induces the inhibitory phospho-
rylation of ACC. ACC is a vital enzyme in fatty acid syn-
thesis that can catalyze the carboxylation of acetyl-CoA 
to malonyl-CoA [17]. CPT1 is a mitochondrial importer 
of fatty acids; a previous study revealed that inhibition 
of CPT1 significantly increases the level of oxylipin dur-
ing inflammation in  vivo [38]. In fibroblasts, another 

Fig. 6  l-carnitine improved mitochondrial function and lipid accumulation through CPT1 to achieve anti-inflammatory effects in the KOA model of 
rats. a–c Real-time PCR data of TRPA1, IL-1β, and TNF-α. d–f Immunoblot analysis of TRPA1, IL-1β, and TNF-α. g TUNEL-positive cells are shown in KOA 
synovia (black arrows, × 200 magnification). h Immunoblot analysis of cyc was performed. i, j Detection of MDA content and SOD activity. Data are 
presented as the mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001
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study showed that CPT1 can reverse cellular senescence 
by regulating lipid accumulation and mitochondrial 
function [39]. Additionally, many studies have shown 
that l-carnitine can restore CPT1 activity [22, 40]. Our 
results were in accordance with these published works, 
and l-carnitine markedly increased CPT1 activity, simi-
lar to metformin [41]. Our outcomes reported that l-car-
nitine treatment significantly improved AMPK activity, 
inhibited ACC activity, and eventually increased CPT1A 
function.

The imbalance between lipid peroxidation systems 
and lipid antioxidation systems leads to the formation 
of oxidation products [42]. Overproduction of ROS and 
induction of oxidative stress are major contributors to 
OA pathogenesis [13]. An increase in ROS results in the 
activation of the cellular defense mechanism against lipid 
oxidation to eliminate ROS [38]. Defective or insufficient 
mitochondrial function at the cellular level is thought 
to impact whole-body metabolic homeostasis. The lipid 
antioxidation system includes various enzymes, such as 
superoxide dismutases (SOD) and glutathione peroxidase 

(GPx) [38]. SOD is an important endogenous antioxi-
dant enzyme and free radical scavenger whose function 
is to maintain metabolic balance [43]. Thiobarbituric acid 
reactive substances (TBARS) are biomarkers of oxidative 
stress, the quantification of which reflects the MDA con-
tent. MDA content is an important parameter reflecting 
the body’s potential antioxidant capacity, which can not 
only reflect the rate and intensity of lipid peroxidation 
but also indirectly reflect the degree of tissue peroxida-
tion damage [44]. In our study, we used spectrophotom-
etry and the microplate method to determine the activity 
of SOD and the MDA content. We found that l-carnitine 
promoted SOD activity and decreased the MDA content. 
On the other hand, we found that l-carnitine significantly 
decreased the content of cellular ROS and cyc protein 
and increased the level of ΔΨm. These findings indicated 
that l-carnitine plays a critical role in ameliorating per-
oxidative damage, restoring mitochondrial dysfunction, 
regulating the homeostasis of lipid metabolism, protect-
ing cell function, and avoiding death. l-carnitine, as a 
prospective “fat burner,” is extensively employed as one 

Fig. 7  Schematic representation of the role of l-carnitine in the regulation of lipid accumulation and mitochondrial function through the 
AMPK-ACC-CPT1 signaling pathway in synovial cells (see text for details)
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of the most effective ways to promote endurance and fat 
combustion and shorten postworkout recovery [45, 46]. 
l-carnitine has a variety of roles in fatty acid metabolism, 
the most important of which is to participate in the clas-
sical “carnitine shuttle” process [20]. Specifically, l-carni-
tine facilitates β-oxidation by transporting medium- and 
long-chain fatty acids into the mitochondria [47]. l-carni-
tine protects against DNA damage caused by the harmful 
effects of free radicals and maintains a moderate concen-
tration ratio of low acetyl-CoA/CoA [48]. In addition, it 
also acts as an acetyl storage, providing energy in carbo-
hydrate and lipid metabolic pathways [48]. A recent study 
demonstrated that l-carnitine has a protective effect via 
anti-inflammatory and antioxidant mechanisms in the 
MIA-induced KOA rat model [22]. However, the cru-
cial molecular regulators and the underlying regulatory 
mechanisms remain unclear. In this study, we reported 
that l-carnitine supplementation can alleviate synovitis 
in KOA by regulating lipid accumulation and mitochon-
drial function. Further mechanistic studies revealed that 
l-carnitine ameliorates synovitis via the regulation of the 
AMPK-ACC-CPT1 signaling pathway. In conclusion, our 
study provides novel therapeutic strategies for the treat-
ment of KOA.

However, some limitations have been identified in this 
study. First, our investigation of the mechanism of l-car-
nitine action on the AMPK-ACC-CPT1 signaling path-
way in synovial membranes is not sufficiently in-depth 
and lacks high-quality evidence. Second, clinical trials are 
necessary to further determine the effectiveness of l-car-
nitine on the pathogenesis of KOA. Third, it is necessary 
to set different l-carnitine dose groups and observe more 
indicators to evaluate the mitochondrial function and 
lipid metabolism.

Conclusions
In conclusion, the obtained results indicated the syn-
ovioprotective effect of l-carnitine on KOA via the 
AMPK-ACC-CPT1 signaling pathway, which is linked to 
mitochondrial function and lipid accumulation (Fig.  7). 
Hence, we propose that l-carnitine may be considered an 
effective molecule to protect against synovitis in KOA.
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