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Eriodictyol attenuates 
osteoarthritis progression 
through inhibiting inflammation 
via the PI3K/AKT/NF‑κB signaling 
pathway
Wenbo Kang 1,2, Qinli Xu 1,2, Hang Dong 1, Wenjun Wang 1, Guanning Huang 1 & 
Jingzhe Zhang 1*

Eriodictyol, a flavonoid distributed in citrus fruits, has been known to exhibit anti-inflammatory 
activity. In this study, destabilized medial meniscus (DMM)-induced OA model was used to investigate 
the protective role of eriodictyol on OA. Meanwhile, we used an IL-1β-stimulated human osteoarthritis 
chondrocytes model to investigate the anti-inflammatory mechanism of eriodictyol on OA. The 
production of nitric oxide was detected by Griess reaction. The productions of MMP1, MMP3, and 
PGE2 were detected by ELISA. The expression of LXRα, ABCA1, PI3K, AKT, and NF-κB were measured 
by western blot analysis. The results demonstrated that eriodictyol could alleviate DMM-induced 
OA in mice. In vitro, eriodictyol inhibited IL-1β-induced NO, PGE2, MMP1, and MMP3 production in 
human osteoarthritis chondrocytes. Eriodictyol also suppressed the phosphorylation of PI3K, AKT, 
NF-κB p65, and IκBα induced by IL-1β. Meanwhile, eriodictyol significantly increased the expression 
of LXRα and ABCA1. Furthermore, eriodictyol disrupted lipid rafts formation through reducing the 
cholesterol content. And cholesterol replenishment experiment showed that adding water-soluble 
cholesterol could reverse the anti-inflammatory effect of eriodictyol. In conclusion, the results 
indicated eriodictyol inhibited IL-1β-induced inflammation in human osteoarthritis chondrocytes 
through suppressing lipid rafts formation, which subsequently inhibiting PI3K/AKT/NF-κB signaling 
pathway.

Keywords  Eriodictyol, Chondrocytes, IL-1β, NF-κB, PI3K

Osteoarthritis is one of the most common diseases in the elderly and an important cause of disability1. The major 
pathological change of osteoarthritis is cartilage degeneration2. Previous studies demonstrated that cartilage 
degeneration was closely related to inflammation3. Inflammation can promote the degeneration of cartilage, and 
cartilage degeneration can stimulate the development of inflammation4. Inflammatory cytokines can induce the 
destruction of chondrocytes and extracellular matrices5. Furthermore, these inflammatory cytokines could induce 
the release of matrix metalloproteinases (MMP), which could lead to the destruction of cartilage6. Therefore, 
inhibition of the inflammation may attenuate the destruction of cartilage and have protective effects of OA.

Eriodictyol (Fig. 1A) is a flavonoid distributed in citrus fruits. Accumulated evidences suggested that erio-
dictyol has anti-inflammatory effect7. Eriodictyol was found to inhibit LPS-induced acute lung injury in mice8. 
Eriodictyol also suppressed LPS-induced inflammatory cytokine production in RAW264.7 cells9. Also, eriodic-
tyol was found to reduce liver injury induced by arsenic trioxide10. Furthermore, eriodictyol has been reported 
to attenuate myocardial ischemia–reperfusion injury11. In addition, eriodictyol was found to inhibit RANKL-
induced osteoclast formation12. However, the effects of eriodictyol on IL-1β-induced inflammatory response 
in human osteoarthritis chondrocytes have not been reported. In this study, we found eriodictyol inhibited 
IL-1β-induced inflammation through suppressing PI3K/AKT/NF-κB signaling pathway.
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Experimental section
Reagents
Eriodictyol (purity > 98%) was purchased from Chengdu Plant Standardized Pure Biotechnology Co., Ltd. 
(Chengdu, China). LXRα, ABCA1, PI3K, AKT, NF-κB p65, and IκBα antibodies were obtained from Cell Sign-
aling Techonology (Beverly, MA, USA). Recombinant human IL-1β and the ELISA kits were purchased from 
R&D systems (Minneapolis, MN, USA).

In vivo study
This study was approved by the Ethics Committee of Jilin University (number 20220628). All protocols comply 
with the NIH Guidelines and were reported in accordance with ARRIVE guidelines (https://​arriv​eguid​elines.​
org). The animal experiment was approved by the Ethical Committee of Jilin University. Fifty C57BL/6 mice were 
divided into five groups: Sham surgery group, DMM model group, and eriodictyol (10, 20, 40 mg/kg) + DMM 
groups. The OA model was established as previously described13. Eriodictyol (10, 20, 40 mg/kg) was given by 
intraperitoneal injection. Then, the cartilage tissues were collected and stained with H&E staining, Masson’s 
trichrome staining, and western blot analysis.

Cell culture and cytotoxicity assay
Human articular cartilage of six osteoarthritis patients (age: 50 ± 6) were collected according to the guidelines of 
the Declaration of Helsinki and Tokyo. The experiment was approved by Ethics Committee of Jilin University. 
The human chondrocytes were isolated and cultured as described previously14. Passage 2–4 were used in the 
present study15.

The cells in logarithmic growth phase were digested seeded in 96-well plates at 5 × 103 cells/well and cultured 
24 h. Then, eriodictyol was added to each well for six replicates and subsequently the supernatant was removed 
and 20 μl MTT (5 mg/ml) was added to each well for 4 h. Then, 200 μl DMSO was added to fully dissolve the 
crystals. Absorbance was determined at 540 nm on a microplate reader (TECAN, Austria).

Measurement of PGE2 and NO
Chondrocytes were pretreated with eriodictyol (5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 24 h after 
IL-1β treatment, the supernatants were collected. The production of NO was measured by detecting the level 
of accumulated nitrite in the supernatants by the Griess reagent according to the manufacturer’s instructions 
(Beyotime, Shanghai, China)16,17. The level of PGE2 in the supernatants was measured by the ELISA kit according 
to the (R&D systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.

Figure 1.   (A) The chemical structure of eriodictyol. (B) Effects of eriodictyol on the cell viability of human 
osteoarthritis chondrocytes. Cells were cultured with different concentrations of eriodictyol (5, 10, 15, 20, 
25 μM) for 24 h. The cell viability was determined by MTT assay. The values presented are the means ± SEM of 
three independent experiments. **p < 0.01 versus control group.

https://arriveguidelines.org
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Measurement of MMPs
Chondrocytes were pretreated with eriodictyol (5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 24 h after 
IL-1β treatment, the supernatants were collected. The supernatants were centrifuged at 1000 rpm/min for 5 min. 
The production of MMP1 and MMP3 were tested by ELISA using commercial kits (R&D systems, Minneapolis, 
MN, USA)18. The contents of MMP1 and MMP3 in each sample were calculated according to the standard curve.

Western blot analysis
Chondrocytes were pretreated with eriodictyol (5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 30 min 
after IL-1β treatment, the supernatants were collected. Chondrocytes were lysed with RIPA buffer with 1% 
protease inhibitor to obtain proteins. The protein concentration was detected by BCA method. The proteins 
were separated by SDS-PAGE and transferred onto PVDF membranes. The blots were cut prior to hybridisa-
tion with antibodies. After incubated with primary and secondary antibodies, the membranes were detected 
by the enhanced chemiluminescence detection agent and the bands were calculated using the Image J software 
(National Institutes of Health, USA).

Lipid rafts staining and cholesterol replenishment experiment
Human osteoarthritis chondrocytes were fixed in 4% formaldehyde and stained with 5 µg/ml Alexa Fluor 
488-conjugated CTxB for 30 min and stained with Hochest for 5 min. Cholesterol content in lipid raft was 
assayed by gas–liquid chromatography as described previously19. For cholesterol replenishment experiment, the 
cells were treated with water-soluble cholesterol (84 µg/ml) for 30 min. Subsequently, the levels of inflammatory 
cytokines were measured.

Statistical analysis
The data are presented as the mean ± S.E.M. and the experiment was carried in triplicate. Comparisons between 
different groups were analyzed by one-way analysis of variance. P < 0.05 were considered to indicate statistical 
significance.

Results
Effects of eriodictyol on chondrocyte viability
MTT assay was used to detect the cytotoxicity of eriodictyol. The results showed that eriodictyol at the concentra-
tions of 0–15 μM did not affect the viability of chondrocytes (Fig. 1B). Eriodictyol at the concentrations of 20 μM 
and 25 μM significantly decreased the viability of chondrocytes (Fig. 1B). The IC50 of eriodictyol is 44.7 μM.

Effects of eriodictyol on IL‑1β‑induced NO and PGE2 production
NO and PGE2 are important inflammatory mediators of OA. In the present study, we firstly evaluated the effects 
of eriodictyol on NO and PGE2 production. As shown in Fig. 2, IL-1β significantly increased the production of 
NO and PGE2 when compared to the control group. However, IL-1β-induced NO and PGE2 production were 
dose-dependently inhibited by the treatment of eriodictyol (Fig. 2).

Effects of eriodictyol on IL‑1β‑induced MMP1 and MMP3 production
MMPs play a critical role in the pathogenesis of OA. In the present study, we secondly evaluated the effects of 
eriodictyol on MMP1 and MMP3 production. As shown in Fig. 3, IL-1β significantly increased the production 
of MMP1 and MMP3 when compared to the control group. However, IL-1β-induced MMP1 and MMP3 produc-
tion were dose-dependently inhibited by the treatment of eriodictyol (Fig. 3).

Effects of eriodictyol on IL‑1β‑induced NF‑κB activation
To clarify the anti-inflammatory mechanism of eriodictyol, we evaluated the effects of eriodictyol on NF-κB acti-
vation. As shown in Fig. 4, IL-1β significantly increased the levels of phosphorylated NF-κB p65 and IκBα when 
compared to the control group. However, IL-1β-induced NF-κB activation was dose-dependently inhibited by 
the treatment of eriodictyol (Fig. 4). Meanwhile, nucleus and cytoplasm p65 expression were tested. As shown in 
Fig. 4, IL-1β significantly increased the expression of nucleus p65 and decreased cytoplasm p65 expression when 
compared to the control group. These changes induced by IL-1β were reversed by eriodictyol treatment (Fig. 4).

Effects of eriodictyol on IL‑1β‑induced PI3K and AKT expression
To further clarify the anti-inflammatory mechanism of eriodictyol, we evaluated the effects of eriodictyol on 
PI3K/AKT signaling pathway. The results showed that IL-1β significantly increased the levels of phosphorylated 
PI3K and AKT. Eriodictyol attenuated IL-1β-induced phosphorylation of PI3K and AKT, which are upstream 
molecules of NF-κB, in IL-1β-stimulated cells (Fig. 5).

Effects of eriodictyol on LXRα and ABCA1 expression
LXRα-ABCA1 signaling was related to the regulation of cholesterol. Lipid rafts are plasma membrane micro-
domains that contain high concentrations of cholesterol and glycosphingolipids. In this study, we evaluated the 
effects of eriodictyol on LXRα and ABCA1 expression. The results showed that IL-1β significantly decreased the 
expression of LXRα and ABCA1. Eriodictyol significantly increased the expression of LXRα and ABCA1, which 
results in disrupting lipid rafts by depleting cholesterol (Fig. 6).
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Eriodictyol exhibits anti‑inflammatory effects through disrupting the formation of lipid rafts
Lipid rafts has been known to play an important role in PI3K/AKT signaling pathway. The results of this study 
showed that eriodictyol could disrupt lipid rafts formation (Fig. 7) by decreased cholesterol level in lipid rafts 
(Fig. 8). And cholesterol replenishment experiment demonstrated that adding cholesterol to replenish lipid rafts 
could reverse the anti-inflammatory effects of eriodictyol (Fig. 9).

Figure 2.   Eriodictyol inhibits IL-1β-induced PGE2 and NO production. Chondrocytes were pretreated with 
eriodictyol (5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 24 h after IL-1β treatment, the supernatants 
were collected. PGE2 and NO levels in the supernatants were tested by the detection kits. The data presented 
are the means ± SEM of three independent experiments. #p < 0.01 versus control group; **p < 0.01 versus IL-1β 
group.

Figure 3.   Eriodictyol inhibits IL-1β-induced MMP1 and MMP3 production. Chondrocytes were pretreated 
with eriodictyol (5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 24 h after IL-1β treatment, the 
supernatants were collected. MMP1 and MMP3 levels in the supernatants were tested by the detection kits. The 
data presented are the means ± SEM of three independent experiments. #p < 0.01 versus control group; **p < 0.01 
versus IL-1β group.
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Figure 4.   Eriodictyol inhibits IL-1β-induced NF-κB activation and IκBα degradation. Chondrocytes were 
pretreated with eriodictyol (5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 30 min after IL-1β treatment, 
the cells were collected for western blot analysis. β-actin was used as a control. The values presented are the 
means ± SEM of three independent experiments. #p < 0.01 versus control group; **p < 0.01 versus IL-1β group.

Figure 5.   Effects of eriodictyol on IL-1β-induced PI3K and AKT expression. Chondrocytes were pretreated 
with eriodictyol (5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 30 min after IL-1β treatment, the 
cells were collected for western blot analysis. The values presented are the means ± SEM of three independent 
experiments. #p < 0.01 versus control group; **p < 0.01 versus IL-1β group.
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Eriodictyol inhibits OA development in an OA model
H&E and Masson’s trichrome staining showed that the control group’s joint cartilage tissue exhibited a smooth 
articular surface, rich matrix, no defect site, and a regular arrangement of cells in each layer of the joint cartilage, 
with visible tidal lines. The experimental group experienced cartilage degeneration, experienced matrix loss. 
The defect was located in the superficial layer of the joint surface, crossing the tidal line and invading the calci-
fied cartilage area. The tidal line was damaged or even disappeared. However, these changes were significantly 
inhibited by eriodictyol (Fig. 10). Meanwhile, the expression of MMP1, MMP3, iNOS, and COX-2 in cartilage 
tissues were detected. The results showed that the expression of MMP1, MMP3, iNOS, and COX-2 in cartilage 
tissues increased significantly in OA group. However, eriodictyol (10, 20, 40 mg/kg) treatment significantly 
inhibited MMP1, MMP3, iNOS, and COX-2 expression in OA model (Fig. 10F).

Figure 6.   Effects of eriodictyol on LXRα-ABCA1 expression. Chondrocytes were pretreated with eriodictyol 
(5, 10, 15 μM) 12 h before IL-1β (10 ng/ml) treatment. 30 min after IL-1β treatment, the cells were collected for 
western blot analysis. The values presented are the means ± SEM of three independent experiments. #p < 0.01 
versus control group; **p < 0.01 versus IL-1β group.

Figure 7.   Effects of eriodictyol on the formation of lipid rafts. (A) Control group; (B) IL-1β group; (C) 
IL-1β + eriodictyol (5 μM) group; (D) IL-1β + eriodictyol (10 μM) group; (E) IL-1β + eriodictyol (15 μM) group. 
The values presented are the means ± SEM of three independent experiments. #p < 0.01 versus control group; 
**p < 0.01 versus IL-1β group.
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Discussion
Flavonoids are secondary metabolites found in fruits and plants, with varied polyphenolic structures. Generally, 
these polyphenolic compounds have a basic 15-carbon backbone, consisting of two benzene rings (C6) joined by 
a linear-3-carbon chain (C3), which may be represented by C6–C3–C620. Eriodictyol is a flavonoid distributed 
in citrus fruits that has been reported to have anti-inflammatory effects9. In a detailed study of the volumes 
of distributions of eriodictyol, hesperetin, and naringenin metabolites in rats, flavanone metabolites in blood 
plasma are observed to exhibit preferential binding to tissues and to reside in the body21. Eriodictyol metabolites 
can enter in the blood and may enter into cartilage tissue through the blood. In this study, we evaluated the 
anti-inflammatory effects of eriodictyol on osteoarthritis. The results demonstrated that eriodictyol exhibited 
anti-inflammatory effects on osteoarthritis through inhibiting IL-1β-induced NO and PGE2 production, as well 
as MMP1 and MMP3 production. The mechanism was through inhibiting PI3K/AKT/NF-κB signaling pathway.

Inflammation was involved in the development of OA22. Secreted inflammatory mediators were involved in 
the disturbed processes implicated in OA pathophysiology23. IL-1β is one of the most important cytokine that 
involved in the pathogenesis of OA24. It could induce the production of MMPs which leads to the degeneration 
of articular cartilage matrix24. Previous studies showed that stimulation of chondrocytes by IL-1β could induce 
the release of MMP1, MMP3, and MMP1325. These enzymes have the ability to degrade extracellular matrix 

Figure 8.   Effects of eriodictyol on cholesterol content in the lipid rafts. The values presented are the 
means ± SEM of three independent experiments. #p < 0.01 versus control group; **p < 0.01 versus IL-1β group.

Figure 9.   Cholesterol replenishment prevents the anti-inflammatory effect of eriodictyol. The values presented 
are the means ± SEM of three independent experiments. #p < 0.01 versus control group; **p < 0.01 versus IL-1β 
group.
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components. Also, IL-1β could induce the production of inflammatory mediators PGE2 and NO production. The 
release of NO and PGE2 could suppress the synthesis of collagen and induce apoptosis26. Therefore, inhibition of 
IL-1β-induced inflammation can be considered potential targets for therapeutic strategies. Our results showed 
that eriodictyol significantly inhibited IL-1β-induced PGE2, NO, MMP1, and MMP3 production.

NF-κB is an important transcription factor that involved in the regulation of inflammatory mediator and 
matrix degrading enzymes production27. Activated NF-κB was observed in OA animal model and IL-1β stimu-
lated chondrocytes28. Inhibition of NF-κB activation could reduce the development of OA29. Therefore, targeting 
of the NF-κB signalling pathway is a promising therapeutic strategy for OA treatment30. The present study we 
showed that eriodictyol significantly inhibited IL-1β-induced NF-κB activation. PI3K and AKT are upstream 
molecules of NF-κB signaling pathway. Furthermore, studies showed that inhibition of PI3K/AKT signaling 
pathway could attenuate the development of OA31. Therefore, we detected the effects of eriodictyol on PI3K and 
AKT expression. The results showed that eriodictyol significantly attenuated IL-1β-induced phosphorylation 
of PI3K and AKT. Lipid rafts has been known to play an important role in PI3K/AKT signaling pathway32. A 
previous study showed that inhibiting the formation of lipid rafts could suppress PI3K/AKT signaling pathway33. 
In this study, we found eriodictyol could disrupt lipid rafts formation by deleting cholesterol. And cholesterol 
replenishment experiment demonstrated that adding cholesterol to replenish lipid rafts could reverse the anti-
inflammatory effects of eriodictyol.

Liver X receptor (LXR) is a ligand activated nuclear transcription factor that is a member of the nuclear recep-
tor superfamily34. Currently, two subtypes of human LXR have been identified, namely LXRα and LXRβ35. LXRα, 
as a receptor for cholesterol metabolism and lipid biosynthesis, is activated by the oxidized form of endogenous 
cholesterol (oxysterols) and is an important regulatory factor in cholesterol and lipid metabolism processes36. 
ABCA1 is a plasma membrane protein which plays an important role in the movement of cholesterol37. The main 
function of ABCA1 is to promote the transport of intracellular free cholesterol and phospholipids to extracellular 
lipoprotein A-I (apoA-I), thereby maintaining cellular cholesterol homeostasis38. ABCA1 is a downstream gene 
of LXRα, and the use of LXRα agonist T0901317 can promote the expression of ABCA139. Recent studies dem-
onstrated that activating LXRα-ABCA1 signaling pathway could disrupt lipid rafts by depleting cholesterol40,41. 
Therefore, the effect of eriodictyol on LXRα-ABCA1 signaling pathway was detected. In this study, we found 
eriodictyol could activate LXRα-ABCA1, which results in disrupting lipid rafts by depleting cholesterol.

Figure 10.   Eriodictyol inhibits OA development in a DMM model. (A,a) Sham surgery group, (B,b) DMM 
model group, and (C–E,c–e) eriodictyol (10, 20, 40 mg/kg) + DMM groups. (F) The effects of eriodictyol (10, 20, 
40 mg/kg) on MMP1, MMP3, iNOS, and COX-2 expression. The values presented are the means ± SEM of three 
independent experiments. #p < 0.01 versus control group; **p < 0.01 versus OA group.
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Conclusions
In conclusion, this study revealed that eriodictyol inhibited IL-1β-induced inflammation in chondrocytes. 
Eriodictyol inhibited IL-1β-induced inflammation through activating LXRα-ABCA1 and inhibiting lipid rafts 
formation, which led to the inhibition of PI3K/AKT/NF-κB signaling pathway. Eriodictyol may be used as an 
anti-inflammatory agent for the treatment of osteoarthritis.

Data availability
All relevant data of this research can be requested from the corresponding author.
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