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Introduction

Osteoarthritis (OA) is the most prevalent degenerative joint 
disorder affecting approximately 500 million adults globally 
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Abstract
Background: Osteoarthritis (OA) is the most usual joint disease, which affects the life of 
patients and causes them seriously physical pain. Amygdalin, the main active pharmaceutical 
ingredient in Semen Armeniacae Amarum, has anti-inflammatory, anti-oxidation, and immu-
nomodulatory impacts. However, the regulatory functions of Amygdalin in OA progression 
keep indistinct and need further investigations. This study is aimed to probe the regulatory 
influences and associated pathways of Amygdalin in OA development.
Methods: The cell viability was confirmed through CCK-8 assay. The levels of PGE2, TNF-α and 
IL-6 were detected through ELISA. The ROS level was examined through DCF staining. The lev-
els of MDA, SOD and GSH were measured through the commercial kit. The protein expressions 
were evaluated through western blot. 
Results: Firstly, it was demonstrated that Amygdalin can refrain IL-1β-evoked inflammation 
in chondrocytes. Next, Amygdalin repressed IL-1β-triggered oxidative stress in chondrocytes. 
Moreover, Amygdalin inhibited IL-1β-mediated ECM degradation in chondrocytes. Lastly, it was 
revealed that Amygdalin accelerated the Nrf2 pathway and suppressed the NF-κB pathway.
Conclusion: Amygdalin attenuated IL-1β-stimulated chondrocyte damage through the Nrf2/
NF-κB pathway, thereby ameliorating OA progression. This finding hinted that Amygdalin may 
be one promising drug for OA treatment.
© 2026 Codon Publications. Published by Codon Publications.
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and resulting in significant joint damage and intense pain.1,2 
It primarily involves degradation of the articular hyaline 
cartilage in weight-bearing joints.3 As OA progresses, it 
is often accompanied by extensive cartilage destruction, 
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Cell counting kit-8 (CCK-8) assay

Chondrocytes were seeded into 96-well plates at a density 
of 1000 cells per well. Cell viability was evaluated using 
the CCK-8 (Dojindo Laboratories, Kumamoto, Japan). CCK-8 
solution, 10 µL, was added to each well, and the absorbance 
was measured using a microplate reader (Bio-Rad, CA, USA).

Enzyme-linked immunosorbent serologic assay 
(ELISA)

The levels of tumor necrosis factor-α (TNF-α; ab208348), 
prostaglandin E2 (PGE2; ab287802), and interleukin-6 (IL-
6; ab222503) in culture supernatants were quantified 
using commercially available ELISA kits (Abcam, Shanghai, 
China), according to the manufacturers’ protocols.

Detection of ROS (DCFH-DA staining)

The ROS generation was assessed using 2’,7’-dichlorodi-
hydrofluorescein diacetate (DCFH-DA) staining (E004-1-1; 
Nanjing Jiancheng Technology Co. Ltd. Nanjing, China). 
Chondrocytes were incubated with DCFH-DA and washed 
subsequently. Fluorescence was observed and captured 
using a fluorescence microscope (Olympus, Tokyo, Japan).

Detection of MDA, SOD and GSH

Oxidative stress markers, such as malondialdehyde (MDA; 
ab118970), superoxide dismutase (SOD; ab65354), and 
glutathione (GSH; ab65322), were quantified using corre-
sponding detection kits (Abcam, Shanghai, China) following 
manufacturers’ instructions.

Western blot analysis

Total proteins were extracted from chondrocytes using 
radioimmunoprecipitation assay (RIPA) lysis buffer 
(Beyotime, Shanghai, China), separated via 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride (PVDF) 
membranes. After blocking, the membranes were incu-
bated with the following primary antibodies: anti-collagen 
II (ab34712, 1:1000), anti-MMP-13 (ab315267, 1:1000), anti-
ADAMTS-5 (ab41037, 1:250), anti-phospho-p65 (ab76302, 
1:1000), anti-p65 (ab32536, 1:1000), anti-phospho-IκBα 
(ab92700, 1:1000), anti-IκBα (ab32518, 1:1000), and anti-β-
actin (ab8226, 1 µg/mL) (Abcam, Shanghai, China). After 
washing, the membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody 
(ab6721,1:2000). Protein bands were visualized using 
an enhanced chemiluminescence (ECL) kit (Santa Cruz 
Biotechnology, TX, USA).

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism version 9.0 (GraphPad Software, La Jolla, CA, USA). 

subchondral bone thickening, joint space narrowing, osteo-
phyte formation, and varying degrees of joint inflamma-
tion and pain.4 Current treatment strategies for OA are 
largely confined to symptomatic relief through nonsteroi-
dal anti-inflammatory drugs or, in advanced cases, surgical 
joint replacement.5 Given the limitations of the existing 
therapies, the development of pharmacological agents 
capable of alleviating chondrocyte injury is of increasing 
importance in OA management.

Amygdalin, the principal bioactive compound 
extracted from Armeniacae semen amarum, has been 
shown to exert anti-inflammatory, antioxidant, and immu-
nomodulatory effects.6 Emerging evidence suggests that 
amygdalin may be involved in modulating the progression 
of several pathological conditions. For instance, amyg-
dalin has been reported to mitigate multidrug-resistant 
Staphylococcus aureus-induced lung epithelial cell injury 
by regulating inflammation and oxidative stress.7 In the 
context of intervertebral disc degeneration, amygdalin 
inhibits nuclear factor kappa B (NF-κB) signaling pathway 
and inflammatory responses to attenuate cartilage end-
plate degeneration.8 Besides, amygdalin can modulate 
Janus kinase 2–signal transducer and activator of tran-
scription 3 (JAK2/STAT3) pathway to relieve inflammation 
and improve alopecia areata.9 In diabetic retinopathy, 
it reduces oxidative stress and ferroptosis by acting on 
the nuclear factor-erythroid 2-related factor-2–antioxi-
dant response element (NRF2/ARE) signaling pathway.10 
In addition, amygdalin suppresses osteoclast differenti-
ation, endoplasmic reticulumstress, and reactive oxygen 
species (ROS) generation,11 indicating its potential as a 
natural therapeutic candidate for bone-related disorders. 
However, the specific regulatory effects of amygdalin 
and its molecular mechanisms in OA pathogenesis remain 
largely undefined.

In this study, we report for the first time that amygd-
alin can attenuate interleukin (IL)-1β-induced chondrocyte 
damage by modulating the Nrf2/NF-κB signaling pathway, 
thereby mitigating the progression of OA. These findings 
provide new insight into the therapeutic potential of amyg-
dalin for treating OA.

Materials and Methods

Cell lines and treatment

Chondrocytes were isolated from the knee joint carti-
lage of 14-day-old C57BL/6J mice (Vital River Laboratory 
Animal Technology Co. Ltd., Beijing, China). The cartilage 
tissues were then dissected and digested with 0.25% tryp-
sin at 37°C for 30 min, followed by further digestion with 
0.1% collagenase at 37°C for 2 h. The digested samples 
were centrifuged, and the collected cells were cultured in 
Dulbecco’s modified eagle medium–nutrient mixture F-12 
(DMEM/F12) medium supplemented with 10% fetal bovine 
serum (FBS) at 37°C in a humidified incubator with 5% CO2. 
To establish an in vitro OA model, the chondrocytes were 
treated with IL-1β (10 ng/mL) for 24 h. Amygdalin (5, 10, 
20, 40, and 80 µM; Shanghai Selleck Chemicals Co. Ltd., 
Shanghai, China) was applied to the chondrocytes to assess 
its effects.



10	 Zhang L and Yan L

these findings demonstrate that amygdalin alleviates IL-1β-
induced inflammatory responses in chondrocytes.

Amygdalin suppressed IL-1β-induced oxidative 
stress in chondrocytes

Intracellular ROS levels were assessed to determine whether 
amygdalin modulated oxidative stress. As illustrated in 
Figure 2A, IL-1β stimulation led to a marked increase in ROS 
production, which was significantly reduced by amygdalin 
treatment at 10 μM or 20 μM. Consistently, IL-1β treatment 
elevated MDA levels while suppressing SOD and GSH lev-
els, indicative of oxidative damage. These alterations were 
largely reversed following amygdalin treatment (Figure 2B). 
These data suggest that amygdalin suppresses IL-1β-induced 
oxidative stress in chondrocytes.

Amygdalin inhibited IL-1β-mediated extracellular 
matrix (ECM) degradation in chondrocytes

The expression levels of key matrix-associated proteins 
were examined to evaluate ECM degradation. The results 

Data were expressed as mean ± standard deviation (SD); N 
= 3 repetitions. One-way analysis of variance (ANOVA) was 
used to evaluate statistical significance among groups; P < 
0.05 was considered statistically significant.

Results

Amygdalin alleviated IL-1β-induced inflammation 
in chondrocytes

As shown in Figure 1A, cell viability was significantly 
reduced following amygdalin treatment at a concentration 
of 40 μM or 80 μM for 24 h and 48 h, indicating cytotoxic-
ity at these doses. In contrast, treatment with 5, 10, or 
20 μM did not result in cytotoxic effects, and these con-
centrations were selected for subsequent experiments. 
Notably, amygdalin treatment at 10 μM or 20 μM effectively 
restored the IL-1β-induced reduction in chondrocyte via-
bility (Figure 1B). Furthermore, IL-1β stimulation markedly 
increased the secretion of proinflammatory mediators, 
such as prostaglandin E2 (PGE2), TNF-α, and IL-6; however, 
these elevations were significantly attenuated by amygda-
lin treatment at 10 μM or 20 μM (Figure 1C). Collectively, 

Figure 1  Amygdalin attenuates IL-1β-induced inflammation in chondrocytes. (A) Cell viability was assessed by CCK-8 assay in 
chondrocytes treated with 0-, 5-, 10-, 20-, 40-, or 80-μM amygdalin for 24 h. (B) Cell viability was measured by CCK-8 assay in 
the control, IL-1β, IL-1β+amygdalin (10 μM), and IL-1β+amygdalin (20 μM) groups. (C) Levels of PGE2, TNF-α, and IL-6 in the culture 
supernatant were quantified by ELISA. N = 3 repetitions.*P < 0.05, ***P < 0.001 vs the control group; $P < 0.05, $$P < 0.01, $$$p < 0.001 
vs the IL-1β group.
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However, its regulatory role in the progression of OA has 
remained insufficiently defined. Amygdalin is a naturally 
occurring cyanogenic compound, and it’s metabolism in 
the body can release hydrogen cyanide (HCN), which has 
certain potential toxicity. Therefore, in this study, when 
using amygdalin, its toxicological characteristics were eval-
uated carefully, and cell viability was significantly reduced 
following amygdalin treatment at concentrations of 40 μM 
or 80 μM for 24 h and 48 h, indicating cytotoxicity at these 
doses so that 10 μM or 20 μM of amygdalin was selected for 
subsequent experiments.

Inflammation plays a critical role in OA pathogenesis, 
and considerable research has focused on targeting inflam-
matory pathways to mitigate progression of disease. For 
instance, achyranthoside D is shown to alleviate inflam-
mation and prevent chondrocyte loss in OA by targeting 
Wnt3a.12 Similarly, hederagenin attenuates inflammatory 
response and cartilage degradation, thereby delaying 
development of OA.13 Labisia pumila has demonstrated 
the ability to reduce joint inflammation and inhibit col-
lagen breakdown in OA,14 while casticin suppresses the 
nucleotide-binding domain, leucine rich-containing fam-
ily, pyrin domain containing 3–hypoxia-inducible factor 
1 alpha (HIF-1α/NLRP3) inflammasome signaling axis to 
prevent monoiodoacetate-induced knee OA.15 In line with 
these findings, the present study demonstrated that amyg-
dalin effectively attenuates IL-1β-induced inflammation in 
chondrocytes. 

Oxidative stress, characterized by the excessive 
accumulation of ROS, contributes significantly to OA 

indicated that IL-1β stimulation resulted in a significant 
reduction in collagen II expression, which was restored 
upon amygdalin treatment at 10 μM or 20 μM (Figure 3A). 
Moreover, the expression levels of matrix-degrading 
enzymes MMP-13 and ADAMTS-5 were markedly increased 
in response to IL-1β; these increases were significantly miti-
gated by amygdalin (Figure 3B). These results indicate that 
amygdalin attenuates IL-1β-mediated ECM degradation in 
chondrocytes.

Amygdalin modulated Nrf2 and NF-κB pathways

Stimulation of IL-1β enhanced the phosphorylation of p65 
protein and nuclear factor of kappa light polypeptide gene 
enhancer in B-cells inhibitor alpha (IκBα) and reduced 
total IκBα levels, indicative of NF-κB activation. Amygdalin 
treatment at 10 μM or 20 μM reversed these changes, sug-
gesting the inhibition of NF-κB pathway (Figure 4A). In 
parallel, Nrf2 protein expression was modestly increased 
following IL-1β stimulation and was further elevated by 
amygdalin treatment (Figure 4B). Together, these findings 
indicated that amygdalin exerts its protective effects by 
activating Nrf2 pathway and suppressing NF-κB signaling in 
IL-1β-stimulated chondrocytes.

Discussion

Amygdalin has been reported to possess anti-inflamma-
tory, antioxidant, and immunomodulatory properties.6 

Figure 2  Amygdalin suppresses IL-1β-induced oxidative stress in chondrocytes. Chondrocytes were divided into control, IL-1β, 
IL-1β+amygdalin (10 μM), and IL-1β+amygdalin (20 μM) groups. (A) Intracellular ROS levels were evaluated by DCFH-DA staining.  
(B) Levels of MDA, SOD, and GSH were measured using commercial assay kits. N = 3 repetitions. ***P < 0.001 vs the control group; 
$$P < 0.01, $$$P < 0.001 vs the IL-1β group.
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Under oxidative stress conditions, Nrf2 translocates into 
the nucleus and binds to antioxidant response elements 
(ARE), initiating the transcription of genes involved in 
cellular defense mechanisms against oxidative damage, 
inflammation, and apoptosis.24 Notably, Nrf2 deficiency 
is associated with exacerbated cartilage destruction,25 
whereas Nrf2 activation is reported to inhibit IL-1β-induced 
NF-κB activation in chondrocytes.26 In the present study, 
we observed that amygdalin enhanced Nrf2 pathway acti-
vation while suppressing NF-κB signaling, suggesting that 
its protective effects in OA could be mediated through 
Nrf2/NF-κB axis. 

Conclusion

This study is the first to reveal that amygdalin attenuates 
IL-1β-induced chondrocyte damage by modulating the Nrf2/
NF-κB signaling pathway, thereby ameliorating OA progres-
sion. However, several limitations should be acknowledged. 

pathophysiology by promoting cellular damage and carti-
lage degeneration.16 Concurrently, degradation of ECM is 
recognized as a hallmark of OA progression.17 Several com-
pounds have been shown to mitigate oxidative stress and 
prevent ECM breakdown. Emodin, for example, reduces 
both oxidative stress and ECM degradation in OA,18 while 
bardoxolonemethyl is shown to protect cartilage by inhib-
iting oxidative stress-induced ECM damage.19 Additionally, 
fibroblast growth factor 21 (FGF21) alleviates OA symptoms 
by suppressing oxidative stress and preserving ECM integ-
rity,20 and methyl gallate counteracts oxidative stress-in-
duced ECM degradation by restoring autophagic activity.21 
Consistent with these reports, our findings indicated that 
amygdalin suppresses IL-1β-induced oxidative stress and 
ECM degradation in chondrocytes. 

Elevated ROS levels are implicated in the activation of 
multiple signaling pathways that drive inflammation, meta-
bolic dysregulation, and apoptosis, all of which are associ-
ated with progression of OA.22 Nrf2 is a pivotal transcription 
factor that regulates the expression of antioxidant genes.23 

Figure 3  Amygdalin inhibits IL-1β-mediated extracellular matrix degradation in chondrocytes. Chondrocytes were divided into 
control, IL-1β, IL-1β+amygdalin (10 μM), and IL-1β+amygdalin (20 μM) groups. (A) Protein expression of collagen II was detected 
by Western blot analysis. (B) Protein expression levels of MMP-13 and ADAMTS-5 were analyzed by Western blot analysis. N = 3 
repetitions. ***P < 0.001 vs the control group; $$P < 0.01, $$$P < 0.001 vs the IL-1β group.
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First, the current study lacks validation in clinical speci-
mens and in vivo OA models. Second, the effects of amyg-
dalin on different OA phenotypes and its long-term safety 
remain to be elucidated fully. The nontoxic concentra-
tions selected based on previous cytotoxicity experiments 
showed no significant toxicity to cells at concentrations of 
10- and 20-μM amygdalin under in vitro conditions, mak-
ing them suitable for subsequent experiments. The future 
studies must evaluate the toxicological properties of amyg-
dalin in animal models, including acute toxicity, chronic 
toxicity, pharmacokinetics, and safety pharmacology, to 
determine its safe range of dose in the treatment of OA 
and provide scientific basis for clinical application. The 
current work revealed the protective effect and poten-
tial mechanism of amygdalin on IL-1β-evoked chondrocyte 
injury in mice through in vitro experiments, but was not 
confirmed in animal models. The future investigations must 
focus on addressing these limitations through additional 
experiments involving OA mice models and clinical samples 
to further define the therapeutic potential of amygdalin in 
treating OA.

Figure 4  Amygdalin modulates the Nrf2 and NF-κB signaling pathways in IL-1β-stimulated chondrocytes. Chondrocytes were 
divided into control, IL-1β, IL-1β+amygdalin (10 μM), and IL-1β+amygdalin (20 μM) groups. (A) Protein levels of p-p65, total p65, 
p-IκBα, and total IκBα were detected by Western blot analysis. (B) Nuclear expression of Nrf2 was measured by Western blot 
analysis. N = 3 repetitions. ***P < 0.001 vs the control group; $P < 0.05, $$P < 0.01, $$$P < 0.001 vs the IL-1β group.
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