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1 | INTRODUCTION

Abstract

Tendinopathy is mainly characterized by local pain, functional limitation and decreased
athletic ability, which seriously affects the quality of life of patients and the career of
athletes. Farrerol (FA), one of the main active compounds extracted from Rhododendron
and plants in the Rhododendron family, has a wide range of pharmacological activities,
such as immunomodulatory, anti-inflammatory and antiviral effects. However, the ef-
fect of FA on tendinopathy is unclear. Here, we investigated the pharmacological effect
and mechanism of FA in tendon injury through collagenase-induced tendinopathy in
vivo and RSL3-induced tenocytes injury in vitro. The results showed that FA alleviated
the infiltration of inflammatory cells, promoted tenogenesis and improved mechanical
properties of the Achilles tendon in rats. In addition, ferroptosis inducer RSL3 inhibits
the tenogenesis in vitro and in vivo, which accelerates the progression of tendinopathy.
Moreover, FA effectively inhibited iron accumulation and alleviated ferroptosis in the
Achilles tendon. Using in vitro experiments, we found that FA antagonized ferroptosis
by reducing lipid peroxidation and iron accumulation in tenocytes. Finally, we found
that glutathione peroxidase 4 silencing could block the protective effect of FA on fer-
roptosis of tenocytes. Therefore, the results of this study suggest that FA can relieve
collagenase-induced tendinopathy by inhibiting ferroptosis, and reveal that FA may be

a potentially effective drug for the treatment of tendinopathy in the future.
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development of its treatment. Currently, the treatment of tendinopa-

Tendinopathy is characterized by local pain, functional limitation
and decreased athletic ability, which seriously affects the quality of
life of patients and the career of athletes.?> Common tendinopathy
includes rotator cuff injury, lateral epicondylitis and tendinitis.®> The
pathogenesis of tendinopathy is still unclear, which seriously limits the

thy is mainly physical therapy and nonsteroidal anti-inflammatory drugs
(NSAIDs) therapy.“’5 However, these treatments can only relieve the
symptoms, which cannot completely cure tendinopathy.>® In addition,
NSAIDs can induce gastric ulcers, cardiovascular disease and other ad-
verse complications,” which severely limit their use. Consequently, it is
urgent to explore new alternative therapies for tendinopathy.
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The pathological features of tendinopathy include disarray of
collagen fibres, increased innervation of microvessels and sensory
nerves, dysregulation of extracellular matrix homeostasis, immune
cells and inflammatory cytokines, as well as increased apoptosis.&9
The traditional view holds that tendinopathy is caused by inflamma-
tion; so, itis called "tendinitis." Indeed, there is growing evidence that
inflammation plays a key role in the pathogenesis and development of
tendinopathy, "tendinopathy" had long been in common usage. %!
Inflammation is an indispensable pathological process for the body
to self-repair in response to acute injuries (such as infection and in-
jury).}>13 Acute and controlled inflammation have a protective effect
on tissue, while chronic and uncontrolled inflammation is harmful.
Inflammatory cells mainly include neutrophils, monocytes/macro-
phages, mast cells and lymphocytes.** Several studies have reported
that macrophages, mast cells and T lymphocytes have been detected
in acute and chronic tendinopathy.*®>?” Moreover, the degree of in-
flammatory cell infiltration is associated with the severity of tend-
inopathy.'® Therefore, regulating the inflammatory reaction has a
positive therapeutic effect on tendinopathy.

Ferroptosis, a novel iron-dependent programmed cell death, is
mechanistically different from autophagy, apoptosis and necrosis.'?
The main mechanism of ferroptosis is to catalyse the high expres-
sion of unsaturated fatty acids on the cell membrane and induce
lipid peroxidation under the action of ferrous iron or ester oxygen-
ase, to induce cell death.?%?! In addition, a decrease in glutathione
peroxidase 4 (GPX4), the regulatory core enzyme of the antioxidant
system (glutathione system), also induces ferroptosis.22 It is re-
ported that inflammation plays an important role in promoting fer-
roptosis.?® Therefore, drugs that affect the inflammatory response
may also play a critical role in regulating ferroptosis.

Farrerol (FA) is a natural compound with expectorant effects,
extracted from Rhododendron dauricum and other plants in the
Rhododendron family, which directly influences the respiratory mu-
cosa to promote the movement of cilia and enhance the mechanical
removal of foreign bodies in the trachea and bronchus.?*2° Clinically,
FA is mainly used to treat chronic bronchitis caused by phlegm and
viscous mucous.?’ Meanwhile, FA can also relieve intestinal inflam-
mation by inhibiting the MAPK and NF-kB pathways.?* In addition,
FA can reduce the inflammatory response of microglia by regulat-
ing the NRF2/ KEAP1 pathway.26 Moreover, it was found that FA
could be used to treat osteoarthritis, Parkinson's disease and hepa-
titis.2”"2 However, the effect and mechanism of FA in tendinopathy
have not been studied. Therefore, this study aimed to elucidate the

pharmacological effect and mechanism of FA in tendinopathy.

2 | MATERIALS AND METHODS

2.1 | Reagents

FA was purchased from Yuanye Bio-Technology. RSL3 and col-
lagenase | was purchased from Sigma. Rat GPX4 siRNA was pur-
chased from Dharmacon. RNAiMax was purchased from Invitrogen.

Primary antibodies EGF-like module-containing mucin-like hormone
receptor-like 1/Adhesion G Protein-Coupled Receptor E1 (F4/80),
tenomodulin (TNMD), ferritin heavy chain (FTH), ferritin light chain
(FTL), transferrin receptor 1 (TfR1), ferroportin-1 (FPN1), scleraxis
(Scx) and GPX4 were pursued from Abcam. Primary antibodies
iNOS, GAPDH, ferroptosis suppressor protein 1 (FSP1), transfer-
rin receptor 1 (TfR1) and secondary antibodies were pursued from

ProteinTech.

2.2 | Animal experiments

Twenty-four male Sprague-Dawley rats (8-weeks old, 200-250 g)
were purchased from the Animal Experimental Center of Southern
Medical University, China. All experimental procedures were ap-
proved by the Animal Ethics Committee of Southern Medical
University. The rats were housed under controlled conditions and
provided drinking water and food ad libitum. After 1 week of adap-
tation, the rats were randomly divided into four groups: a control
group (PBS), collagenase-induced tendinopathy (CIT) group, CIT+FA
group and FA group. As for detecting the relationship between fer-
roptosis and tendinopathy, rats were randomly divided into two
groups: Control group and the RSL3 group. Collagenase-induced
tendinopathy was performed as previously reported.° Briefly, 30 ul
of type | collagenase (10 mg/ml) was injected into the right Achilles
tendon of rats. One week after injury, the rats were injected with
2 ug/100 pl of FA into the right Achilles tendon. The control group
and collagenase group were injected with the same dose of PBS. The
RSL3 group was injected with RSL3 (0.1 M, 100 pl, once a week) into
the right Achilles tendon. Four weeks later, the rats were euthanized

and their Achilles tendons were collected for further experiments.

2.3 | Cell culture and treatment

Tenocytes were extracted as previously reported.®! Briefly, after
the rats were euthanized, the soft tissue was carefully removed
around the Achilles tendon. Then, the Achilles tendon was trimmed
into 1 x 1 mm tissue fragments using an ophthalmic clipper. Next,
3 mg/ml collagenase type | was added and the tissue was digested in
an incubator for 3 h at 37°C. After digestion, the cells were filtered
with a 70 mm cell filter and then centrifuged at 300 g for 5 min.
The supernatant was discarded, while the cell precipitation was
collected. Finally, the collected cells were cultured in low-glucose
DMEM with 10% foetal bovine serum and 100 Umol™ penicil-
lin and 100 Umol™ streptomycins in an incubator at 37°C with 5%
CO,. After 3 days of cell culture, the medium was changed. When
the cells grew to 80% confluency, they were passaged. The pas-
sage of three generations of cells was retained for subsequent ex-
perimental study. Cells were divided into four groups: control group,
RSL3 group, RSL3+FA group and FA group. As for detecting the re-
lationship between ferroptosis and tendinopathy, cells were treated
with different concentrations of RSL3 (0-0.1 pM) for 24 h.
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TABLE 1 Listof primers used for RT-gPCR

Gene Forward(5'-3’)
Tnmd GCGACAATGTGACTATGTAC
Mkx CCCCGGACATCGGATCTACTA
Sex CCTTCTGCCTCAGCAACCAG
Mcp1 CTGTCACGCTTCTGGGCCTGTT
Pge2 CTTTAGTCTGGCCACGATGC
Tnfa CACCACGCTCTTCTGTCTACTG
I-1b GCCCGTCCTCTGTGACTCGT
11-6 CTGTTGTGGGTGGTATCCTCTGT
1-17 CCATCCATGTGCCTGATGCT
Ftl GAGCGTCTCCTCAAGTTG
Fth CCAGAACTACCACCAGGACTC
Fpn1 GATGGGTCCTTACTGTCTGCTAC
Tfrl ACTCTGCTTTGCGACTATTGC
Gpx4 ATACGCTGAGTGTGGTTTGC
Sle7a11 ATACGCTGAGTGTGGTTTGC
Fsp1 GCGACCTTCAAGGACAACTTCC
Gapdh AGAAGGCTGGGGCTCATTTG
2.4 | Haematoxylin and eosin (H&E) staining

Tendon tissue was fixed in 4% paraformaldehyde (4%) overnight,
embedded in paraffin, sectioned (4 pm) and stained with an H&E
kit (Beyotime, Shanghai, China) according to the manufacturer's
instructions. To analyse the changes in histological scores on H&E
stained sections after treatment, the extent of tendon injury was as-
sessed semi-quantitatively on a scale of O to 4 for the percentage of
tendon injuries: O for 0%-10% injuries, 1 for 10%-25% injuries, 2 for
26%-50%, 3 for 51%-75% and 4 for 76%-100%. At least 6 randomly

selected tendon areas were measured on each slide.

2.5 | Masson staining

The tissue section dewaxing successively put into different concen-
trations of ethanol (95%, 70% and 30%) and distilled water for 2 min,
rinse twice in 30-40°Cwater for 30-60 s each time and stained
with a Masson staining kit (Nanjing Jiancheng BioEngineering-Ing
Institute) according to the manufacturer's instructions.

2.6 | Immunohistochemical and
immunofluorescence staining

Paraffin sections were initially dewaxed and hydrated. For immuno-
histochemical staining, the sections were incubated with 3% H,O, for
15 min at room temperature to quench endogenous peroxidase activ-
ity. Sections were then rinsed with distilled water and soaked in PBS
for 5 min. Antigen retrieval was performed by putting the sectionsin a
microwave for 1 h. The sections were blocked with 10% goat serum for

Reverse(5'-3")
GTCTTCTCCACCTTCACTTG
CTCTTAGGATGAGGATTTAGGTA
GGTCCAAAGTGGGGCTCTCCGTGACT
CTTTGGGACACCTGCTGCTGGT
ACAGAAGAGCAAGGAGACCC
GGGCTACGGGCTTGTCACTC
TGTCGTTGCTTGTCTCTCCTTGTA
TTGCCTTCTTGGGACTGATGTT
GTTATTGGCCTCGGCGTTTG
GGTTCAGGTTCTTCTCCAG
GTTTCTCAGCATGTTCCCTCT
GTCTGCTAATCTGCTCCTGTTTTCT
TTCTGACTTGTCCGCCTCTT
CTTCATCCACTTCCACAGCG
CTTCATCCACTTCCACAGCG
GCCAGGATAAGATGTGAGAAGGG
AGGGGCCATCCACAGTCTTC

1 h at room temperature and incubated with primary antibody iNOS
(1:200) overnight at 4°C. The next day, the sections were washed with
PBS and incubated with a second antibody (1:2000) for 1 h at room
temperature, after which DAB staining was performed. Finally, the sec-
tions were viewed under a microscope. For immunofluorescence stain-
ing, after the sections were dewaxed and hydrated, they were washed
with distilled water and soaked in PBS for 5 min. Antigen retrieval was
performed by placing the sections in a microwave. The sections were
blocked with 10% goat serum for 1 h at room temperature and incu-
bated with primary antibody F4/80 (1:100) and TNMD(1:2000) over-
night at 4°C. Next, fluorescent secondary antibodies were added and
incubated for 1 h in darkness. Finally, the sections were sealed and
observed under a fluorescence microscope.

2.7 | RNA extraction and RT-qPCR

RT-gPCR was used to detect the expression of transcription factors
in each group. RNA was extracted from tissues and cells using Trizol
reagent according to the manufacturer's instructions. The SYBR
Green RT-PCR kit (Takara) and ABI Prism were used for gPCR. The
PCR amplification reaction was as follows: 95°C for 15 min and 95°C
for 10 s for 40 cycles and annealing at 60°C for 35 s. The 2724
method was used to calculate the relative gene expression. The
primers used in this study are listed in Table 1.

2.8 | Lipid peroxidation assay

The concentration of malondialdehyde (MDA), one of the final prod-
ucts of lipid peroxidation, was determined using a lipid peroxidation
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FIGURE 1 Farrerol improves the biological properties of Achilles tendon in tendinopathy. A: The chemical structural formula of FA. B, D:
H&E staining and histological scores were detected after FA treatment for 4 weeks. Scale bar, 100 pm. C, F: Immunofluorescence staining
and TNMD-positive cells were detected count after FA treatment for 4 weeks. Scale bar, 100 pm. E: Masson staining was detected after

FA treatment for 4 weeks. Red indicates high stretch stress fibres, while blue indicates low stretch stress fibres. Scale bar, 100 um. G-I:

The mRNA expression of the tenogenic factors Tnmd, Mkx and Scx was detected after FA treatment for 4 weeks. J: Young's modulus of

the Achilles tendon was detected after FA treatment for 4 weeks. K: The maximum tension of the Achilles tendon was detected after FA
treatment for 4 weeks. "p <0.01, mp < 0.001
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colorimetric kit (Nanjing Jiancheng BioEngineering-Ing Institute).
Briefly, tissues or cells were homogenized in frozen RIPA buffer, and
the supernatant was collected after centrifugation of 5000 g for
10 min at room temperature. The level of MDA was then determined
using a multifunctional microplate analyzer and measuring the ab-

sorbance at 532 nm.
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2.9 | Glutathione assay

The concentration of GSH in each treatment group was determined
using a GSH kit (Nanjing Jiancheng BioEngineering-Ing Institute,
Nanjing, China). First, tenocytes were seeded into a 96-well plate at

a density of 1 x 10* cells per well. After cell attachment, different
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FIGURE 2 Farrerol alleviates inflammatory cell infiltration in tendinopathy. A, C: Immunofluorescence staining was detected, and F4/80-
positive cells were counted after FA treatment for 4 weeks. Scale bar, 100 pm. B, D: Immunohistochemical staining and iNOS-positive cells
were counted after treatment for 4 weeks. Scale bar, 100 pm. E-J: The mRNA expression of the inflammatory cytokines Mcp1, Pge2, Tnfa,

II-1b, 1I-17 and 11-6. 'p < 0.05, p < 0.01, 'p < 0.001
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stimulus treatments were added according to each experimental group.
Finally, the concentration of GSH was determined using a multifunc-

tional microplate analyzer and measuring the absorbance at 412 nm.

2.10 | Cellviability assay

Cell vitality of each treatment group was determined using the
Counting Kit-8 (CCK-8) kit. First, tenocytes were seeded in a 96-well
plate at 1 x 10* cells per well. After cell attachment, the cells were
incubated with 10 ul CCK-8 for 2-3 h at 37°C. Finally, the optical
density of each well was determined using a multifunctional micro-

plate analyzer and measuring the absorbance at 450 nm.

2.11 | RNAinterference
Cells were transfected with siRNA by reverse transfection using an

RNAiMax (Invitrogen) kit according to the manufacturer's instructions.

2.12 | Biomechanical assay

The tissue specimen was thawed overnight in a refrigerator at 4°C. The
soft tissue around the Achilles tendon was removed, the length of the
Achilles tendon and the width and thickness of the middle part of the

tendon was measured with a digital micrometre, and the specimen was
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fixed on a uniaxial biomechanical experimental machine. The Achilles
tendon was clamped at both ends, and the distance between the clamps
was adjusted to make the Achilles tendon extend naturally. Achilles ten-

don stiffness was calculated from the load-displacement curve.

2.13 | Western blotting

Total protein was extracted from fresh tendon tissue or cells with RIPA
protein lysate, and a BCA protein kit was used to quantify the protein
concentration. After protein denaturation, sodium dodecyl sulfonate-
polyacrylamide gel electrophoresis was carried out. Next, the protein
isolate was transferred onto PVDF membranes and blocked in 5%
skim milk powder for 2 h at room temperature. The membranes were
then incubated with anti-FTL (1:800), anti-FTH (1:800), anti-FPN1
(1:800), anti-TfR1 (1:800), anti-GPX4 (1:1000), anti-SLC7A11 (1:800),
anti-FSP1(1:800), Scx (1:500), TNMD (1:500), and GAPDH (1:3000)
overnight at 4 °C, followed by incubation with HRP-labelled secondary
antibody (1:5000) for 1 h at room temperature. The relative protein

expression was measured by ImageJ software.

2.14 | Statistical analysis
The quantitative experimental data were expressed as mean +stand-
ard deviation. SPSS 19.0 software was used for statistical analy-

sis. Statistical significance was determined by one-way or two-way
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FIGURE 3 Ferroptosis promoted the progress of tendinopathy. A-D: Tenocytes were treated with RSL3 (0-0.1 uM) for 24 h, and then,
cellular RNA and protein were collected for gPCR and WB detection. E-H: RSL3 (0.1 uM, 100 pl, once a week) was injected locally into the
Achilles tendon tissue of rats with tendinopathy, and the Achilles tendon was collected for gPCR and WB after 4 weeks."p <0.01, mp <0.001
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analysis of variance (ANOVA). p values <0.05 were considered to be a marked increase of these genes in the CIT+FA group (Figure 1G, H,
statistically significant. At least six animals were used in each group I). In terms of biomechanics, Young's modulus and maximum stretch
(n=6). pressure in the CIT group were significantly lower than that in the

CIT+FA group (Figure 1J, K). Therefore, these findings suggest that
FA can promote tenogenic differentiation, improve tendon mechani-
3 | RESULTS cal properties, alleviate tendon injury and relieve the progression of
tendinopathy in rats.
3.1 | FAalleviated collagenase-induced

tendinopathy in rats
3.2 | FA alleviated the response and infiltration of

The chemical structure of FA is shown in Figure 1A. H&E staining inflammatory cells
showed that the degree of injury in Achilles tendons of the CIT group

was more severe and that in the CIT+FA group, the injury was less Next, we further investigated the effects of FA on the inflam-
severe, compared with the sham operation group; however, there matory response and inflammatory cell infiltration after tendon
was no significant difference between the FA and sham groups injury in rats. Previous studies showed that macrophages are
(Figure 1B, D). Masson staining results showed that high stretch the key immune cells in the early inflammation of tendinopa-
stress fibres were more obvious in the sham and FA groups, while low thy. Here, we detected the infiltration of F4/80-positive cells.
stretch stress fibres were more obvious in the CIT group, compared We found that F4/80-positive cells were rarely detected in the
with the CIT+FA group (Figure 1E). Immunofluorescence staining re- sham and FA groups, but were significantly increased in the CIT
sults showed that the expression of the tenogenic protein TNMD was group. Furthermore, macrophage infiltration was significantly re-

significantly decreased in the CIT group when compared with that duced in the CIT+FA group when compared with the CIT group
in the CIT+FA group (Figure 1C, F). Meanwhile, the mRNA levels of (Figure 2A, C). It was also found that iNOS, a marker of M1-type
Tnmd, Mkx and Scx declined sharply in the CIT group, while there was macrophages, was increased in the CIT group. As expected, FA
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FIGURE 4 Farrerol inhibits iron accumulation in tendinopathy. A-E: Western blot results of the expression of iron-related proteins FTL,
FTH, FPN1 and TfR1 after FA treatment for 4 weeks. F-1: FA inhibits the expression of the iron accumulation-related genes Ftl, Fth, Fpn1 and
Tfrl. 'p <0.05, "p < 0.01, 'p < 0.001
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FIGURE 5 Farrerol alleviates ferroptosis in tendinopathy. A-D: Western blot results of the expression of the ferroptosis-related proteins
GPX4, SLC7A11 and FSP1 after FA treatment for 4 weeks. E-G: qPCR results of the mMRNA expression of Gpx4, Slc7al1 and Fsp1 after FA
treatment for 4 weeks. H: Detection of the effect of FA on the levels of MDA in tendinopathy. I: Detection of the effect of FA on GSH levels

in tendinopathy. p < 0.05, “p <0.01, "p<0.001

reduced the expression of iNOS, thus alleviating the inflammatory
response (Figure 2B, D). In addition, we found that the mRNA lev-
els of the pro-inflammatory cytokines Mcp1, Pge2, Tnfa, Il-1b, II-6
and II-17 were significantly increased in the CIT group, while the
expression of these pro-inflammatory cytokines was significantly
inhibited in the CIT+FA group (Figure 2E-J). Therefore, the results
indicated that FA effectively inhibited the inflammatory response
in collagenase-induced tendinopathy.

3.3 | Ferroptosis promoted the development of
tendinopathy

Inflammation has been reported to accelerate ferroptosis.®?34
However, the role of ferroptosis in tendinopathy is still unclear.
RSL3 is a widely used ferroptosis inducer. Tenocytes were incu-
bated with indicated concentrations of RSL3 for 24 h. As shown
in Figure 3A-C, after inducing ferroptosis with RSL3, the mRNA
expressions of Thmd, Mkx and Scx were decreased in a dose-
dependent manner. Likewise, WB also obtained consistent results
(Figure 3D). In vivo, we found that RSL3 significantly reduced the
expression of tenogenic genes (Thmd, Mkx and Scx) and tenogenic
proteins (TNMD and Scx) (Figure 3E-H). Therefore, ferroptosis in-
hibited the tenogenesis and accelerated the progression of tendi-

nopathy in vitro and in vivo.

3.4 | FAalleviated iron accumulation in
collagenase-induced tendinopathy of rats

Iron accumulation is vital in the initiation of ferroptosis. Iron homeo-
stasis in the body is closely regulated by iron metabolism-related pro-
teins, which regulate the transport of iron and prevent excessive iron
accumulation in cells. Next, we investigated the expression of iron
accumulation-related proteins in collagenase-induced tendinopathy.
The iron output protein FPN1 was significantly reduced in the CIT
group. However, FA significantly increased the expression of FPN1
protein in the CIT+FA group (Figure 4A, D). The expression of TfR1
was decreased in the CIT group, while it was effectively restored in the
CIT+FA group (Figure 4A, E). The expressions of FTL and FTH were
up-regulated in the CIT group. However, FTL and FTH in the CIT+FA
group were significantly higher than that in the CIT group (Figure 3A,
B, C). In addition, FA also inhibited the mRNA levels of Ftl, Fth, Fpn1 and
Tfr1 (Figure 4F-1). Therefore, these results indicated that FA alleviated

iron accumulation in collagenase-induced tendinopathy of rats.
3.5 | FA ameliorated collagenase-induced
tendinopathy in rats by targeting ferroptosis

GPX4, SLC7A11 and FSP1 are important biomarkers of ferropto-
sis. By examining the expression of these biomarkers, we further
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elucidated the therapeutic effect and mechanism of FA in regulat-
ing ferroptosis in collagenase-induced tendinopathy. As shown in
Figure 5A-D, the protein expression of GPX4, SLC7A11 and FSP1
was significantly reduced in the CIT group. However, treatment with
FA effectively reversed the reduction of these proteins. In addition,
FA also promoted the mRNA expression of Fsp1, Sic7all and Gpx4
in the CIT+FA group (Figure 5E-G). A significantly increased concen-
tration of MDA was found in the CIT group, while the production of
MDA was inhibited by FA treatment (Figure 5H). These data indicate
that FA could inhibit lipid peroxidation. Furthermore, GSH levels
were decreased in the CIT group but were restored in the CIT+FA
group (Figure 5I). These data showed that FA could prevent the pro-
gression of collagenase-induced tendinopathy in rats by inhibiting

ferroptosis and alleviating lipid peroxidation.

3.6 | FArelieved ferroptosis in vitro

RSL3 is a classic ferroptosis inducer. We treated tenocytes with dif-
ferent concentrations of RSL3 for 24 h to determine its effect on cell
viability. After treatment with RSL3, the cell viability decreased in a
dose-dependent manner, and the cell viability decreased by nearly
half at 0.1 pM (Figure 6A). Therefore, 0.1 pM RSL3 was deemed to be
an effective concentration to induce ferroptosis in tenocytes. To ver-

ify if FA was toxic to tenocytes, we added different concentrations
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of FA (1, 5, 10, 20 and 40 uM) to cells for 24 h. We found that FA had
no cytotoxic effect on tenocytes at these concentrations (Figure 6B).
Next, to test the effect of FA on ferroptosis in tenocytes, we used
different concentrations of FA (10, 20 and 40 pM) to treat cells for
24 h under the condition of RSL3 (0.1 uM). The results showed that
the cell viability was increased in a concentration-dependent man-
ner after treatment with different concentrations of FA (Figure 6C).
Meanwhile, we also found that MDA levels were significantly in-
creased after RSL3 treatment, while the increase of MDA levels
was inhibited after FA treatment (Figure 6D). In addition, we also
detected the protein expression of FTL, FTH and TfR1 in tenocytes
in each treatment group. It was found that the protein expression
of FTH and FTL increased after RSL3 treatment, while the protein
expression of TfR1 decreased. After treatment with FA, the increase
in the expression of FTL and FTH was inhibited, whereas the expres-
sion of TfR1 protein was increased (Figure 6E-H). Therefore, these
results suggest that FA relieved ferroptosis induced by RSL3.

3.7 | FAincreased the expression of the
ferroptosis-related protein GPX4

We then examined the effects of FA on GPX4 and SLC7A11 expres-
sion in vitro. The results showed that RSL3 decreased the expres-
sion of GPX4 and SLC7A11 in tenocytes, while FA restored their
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8 assay results of FA (0-40 pM) on the viability of tenocytes. C: CCK-8 assay was used to detect the effect of FA (0-40 pM) on ferroptosis
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expression (Figure 7A-C). Next, we used siRNA to knockdown
endogenous GPX4 to evaluate the potential role of GPX4 in FA-
mediated anti-ferroptosis. As shown in Figure 7D and E, GPX4 siRNA
could effectively silence GPX4 expression with a silencing efficiency
of about 80%. The use of FA after GPX4 silencing did not reverse
ferroptosis induced by RSL3 (Figure 7F). In addition, the use of FA
after GPX4 silencing did not reduce the increase in MDA induced by
RSL3 (Figure 7G). Taken together, the data indicate that FA inhibits
ferroptosis in tenocytes through a GPX4-dependent pathway, thus
effectively alleviating the progression of tendinopathy.

4 | DISCUSSION

FA is an expectorant drug derived from Rhododendron dauricum
and other Rhododendron plants.?® FA has a wide range of phar-
macological effects, such as anti-inflammatory, antibacterial, an-
tioxidant and other biological activities.>®> Here, we found that FA
has a good therapeutic effect on tendinopathy. On the one hand,
FA alleviated tendon injury induced by collagenase in rats. On the
other hand, FA alleviated the death of tenocytes induced by RSL3.
Specifically, the protective effect of FA on tendinopathy is mainly
reflected in optimizing the tendon histological structure, improving
tendon biomechanical properties, reducing the inflammatory re-
sponse of the tendon tissue and decreasing the infiltration of inflam-

matory cells in the Achilles tendon. We also found that ferroptosis

promoted the progress of tendinopathy. At the molecular level, FA
reduces iron accumulation and inhibits ferroptosis in tenocytes via
a GPX4-dependent pathway. Furthermore, the use of FA alone in
this study did not cause significant adverse reactions in rats, and the
use of FA at the maximum concentration did not cause a decrease
in the activity of tenocytes. These results indicate that FA has good
bioactivity and safety, and can effectively inhibit the progression of
tendinopathy. Therefore, FA may be a potential drug for the treat-
ment of tendinopathy.

Iron is an essential element that is filtered through the glomeruli
and reabsorbed in the renal tubules.®® The body's iron metabolism
involves iron intake, storage, utilization and excretion. Meanwhile,
it is regulated by a variety of proteins.’” After dietary intake, iron
binds to transferrin.®® Transferrin-bound iron then binds to the TfR1
receptor on the plasma membrane and is transmitted to numerous
tissues through the blood circulation.®? Excess iron is stored in ferri-
tin storage proteins encoded by ferritin light chain and ferritin heavy
chain 1 for iron utilization. FPN1/IREG1 is a kind of iron outflow
pump existing in vertebrates, and the intracellular iron is mainly ex-
ported through FPN1/IREG1.%? Abnormalities in iron homeostasis
are associated with a variety of diseases.® In collagenase-induced
tendinopathy, we found a significant increase in iron concentra-
tion in the tendons. Furthermore, we found that tendinopathy
was related to ferroptosis, which played an important role in the
pathogenesis of tendinopathy. Iron is necessary for ferroptosis

and iron-chelating agents have been shown to prevent or reduce
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ferroptosis. In our experiment, we found that FA inhibited iron ac-
cumulation in collagen-induced tendinopathy in rats, as well as iron
accumulation in tenocytes induced by RSL3. Furthermore, we found
that the expression of FTH and FTL increased in tendinopathy, while
the expression of TfR1 decreased; a trend that was reversed after
FA treatment. Therefore, these results suggest that FA can be used
as a novel ferroptosis inhibitor in the treatment of tendinopathy. In
addition, FA is a potential treatment for other iron-related diseases.

The main mechanisms of ferroptosis involve several mecha-
nisms: (1) GPX4 inactivation due to GSH consumption: As previously
mentioned, GPX4 is the only GPX involved in liposome peroxide
reduction in cells. Specifically, GPX4 alters the peroxide bonding
strength to the hydroxyl group in lipid peroxide, which causes a
reduction in its activity. The main targets of GPX4 include system
Xc, glutamate-cysteine ligase and glutathione S-transferase.*! (2)
GPX4 inactivation: In addition to indirectly acting on GSH, which
activates GPX4, GPX4 can also be directly inactivated with GPX4
inhibitors including squalene synthase and HMG-CoA reductase.
(3) Iron ion input and iron ion reduction: lron accumulates in the
cell in the form of ferric iron, which can initiate liposome peroxida-
tion through the Fenton reaction.?® GPX4 is an antioxidant defense
enzyme that can repair oxidative damage to lipids and is a central
regulator of ferritin inactivation.?2 Based on our research, FA inhib-
ited the expression of ferroptosis-related proteins such as FSP1,
SLC7A11 and GPX4. In addition, after GPX4 silencing, FA did not
affect ferroptosis, suggesting that FA exerted its anti-ferroptosis
function through a GPX4-dependent pathway. Therefore, regula-
tion of GPX4 may be important for the prevention and treatment of
tendinopathy and the promotion of tendon healing.

Although this study has shown FA as a potential drug for the
treatment of tendinopathy, there were still several limitations to the
current study. First, due to ethical problems, only rat tenocytes were
used in experiments. However, whether the same effect of FA on
human tenocytes exists is worth further study. Second, no positive
control was used, and a comparison of the efficacy of FA with other
tendinopathy drugs, such as NSAIDs, will need to be further investi-
gated in future experiments.

In summary, FA can inhibit the ferroptosis of tenocytes, improve
the biological properties of tendons and promote tendon healing,
thereby effectively alleviating the progression of tendinopathy.
Therefore, FA is a new potential drug for the treatment of tendinop-
athy and iron-related diseases. However, further clinical trials are

needed to demonstrate its efficacy and safety in human tendinopathy.
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