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ABSTRACT: Inflammation, extracellular matrix metabolic dysfunction, and
oxidative stress are key pathogenic characteristics of intervertebral disk
degeneration (IVDD), a major pathogenic cause of low back pain. Esculetin
possesses anti-injury, anti-inflammation, and antinociceptive properties. This
study aimed to explore its role in IVDD. In this research, esculetin exhibited
little cytotoxicity to human nucleus pulposus cells (NPCs). Moreover, esculetin
increased cell viability under IL-1β stimulation but attenuated IL-1β-induced
cell apoptosis and caspase-3 activity. Furthermore, IL-1β-evoked increases in
intracellular reactive oxygen species and malondialdehyde (MDA) levels, and
decreases in superoxide dismutase (SOD) activity were reversed after esculetin
treatment, indicating the antioxidative stress efficacy of esculetin. Esculetin
alleviated the inhibitory effects of IL-1β on the transcription and protein
expression of anabolic biomarkers (collagen II and aggrecan), accompanied by
decreases in expression and release of catabolic biomarkers MMP-3 and MMP-13 from NPCs. Moreover, IL-1β exposure enhanced
the expression levels of the inflammatory mediator nitric oxide and inflammatory cytokine IL-6 and TNF-α, which were overturned
after esculetin treatment. Additionally, esculetin activated the nuclear factor-erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1
(HO-1) to inhibit the activation of nuclear factor κB (NF-κB) signaling in NPCs. Importantly, suppression of Nrf2 signaling reversed
the protective efficacy of esculetin against IL-1β-mediated oxidative injury, matrix metabolism disruption, and inflammatory response
in NPCs. Together, esculetin may alleviate IL-1β-induced dysfunction in NPCs by regulating the Nrf2/HO-1/NF-kb signaling,
indicating its potential as a promising therapeutic agent against IVDD.

■ INTRODUCTION
The intervertebral disk (IVD) is an essential soft connective
tissue in the spine and can transmit loads caused by body
weight and muscle activity via the spinal column. The
degeneration of IVD, also known as intervertebral disk
degeneration (IVDD), is the most prevalent disease among
middle-aged and elderly people and serves as a major cause
and basic inducement of a range of low back/neck pain.1

Epidemiological studies reveal that approximately 12% of
adults experience low back pain (LBP) in their lifetime
worldwide, and this prevalence is even higher in people over 60
years of age, ranging from 21 to 75%.1,2 Notably, the direct and
indirect economic burden for low back pain caused by IVDD
exceeds $100−200 billion annually in the United States and
82.14 billion yen in Japan.3,4 It is estimated that the incidence
of LBP is likely to increase substantially due to the aging of the
population in the coming decades.1 Currently, low back pain
caused by IVDD constitutes a major global healthcare concern
causing higher disability than other medical conditions.5

Central nucleus pulposus (NP) is a major participant in IVD
and is composed of NP cells and extracellular matrix (ECM)

components. As a critical contributor, NP cells are typically
situated in a gelatinous matrix within NP and can secrete
abundant proteoglycans (e.g., aggrecan) and type II collagen to
maintain the body’s resistance to axial compression and spinal
pressure. The degeneration of NP is a critical pathogenic factor
for the progression of IVDD that is closely related to oxidative
stress and subsequent apoptosis of NP cells.6,7 Furthermore,
the degeneration process of IVDD is usually accompanied by
an inflammatory response, which is central to pain and
degeneration in IVDD.5,7 The increased inflammatory
mediators are present in human IVDD, such as interleukin-
1β (IL-1β).5,8 Exposure of NP cells to an inflammatory
environment will induce dysfunction and subsequent produc-
tion of abundant proinflammatory cytokines, leading to the
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enhanced inflammatory response during the progression of
IVDD.7,9 Importantly, inflammatory exposure or other
pathogenic stimuli will cause an imbalance in matrix synthesis
and degradation within NP cells by increasing the catabolic
enzyme matrix metalloproteinases (MMPs) and decreasing the
synthesis of collagen, ultimately leading to the degradation of
IVD.6,10 Therefore, elucidating the mechanism underlying NP
cell dysfunction is a promising strategy for the treatment of
IVDD.6,10

As a natural dihydroxy coumarin (Figure 1A), esculetin is
one of the main effective ingredients of common Chinese
herbal medicines, such as Artemisia capillaris, Cortex fraxini,
and Fraxinus rhynchophylla Hance, which are widely used in
Asian countries.11 Abundant evidence highlights that esculetin
exerts a wide range of pharmacological properties in multiple
progression of diseases, such as cardiovascular disease, cancer
and diabetes.11 Intriguingly, esculetin has been implicated in a
diversity of biological effects, including antioxidation and anti-
inflammation.12 For instance, esculetin protects against
hypoxia/reoxygenation-induced oxidative injury and apoptosis
of cardiomyocytes.12 Moreover, administration with esculetin
alleviates doxorubicin-induced cardiotoxicity,13 neurotoxic-
ity,14 and lipopolysaccharide (LPS)-induced lung injury.15

Moreover, esculetin plays the anti-inflammatory roles in
colitis16 and sepsis.17 Intriguingly, treatment with esculetin

exerts antinociceptive properties in inflammatory pain models
of rats.18 Moreover, esculetin can mitigate inflammatory
response in macrophages by activating the nuclear factor
(erythroid 2)-related factor 2 (Nrf2).19 Additionally, esculetin
alleviates cartilage destruction in experimental osteoarthritis by
inhibiting the production of MMPs.20 However, its role in
IVDD remains unclear. In this study, we sought to investigate
the effects of esculetin on cell injury, disorder in extracellular
matrix metabolism, and inflammatory response in IVDD in
vitro by exposing human nucleus pulposus cells (HNPCs) to
IL-1β.

■ MATERIALS AND METHODS
Cell Culture and Stimulation. The HNPCs were

obtained from ScienCell Research Laboratories (no. 4800;
ScienCell, TX) and used within the first three passages for the
following experiments. All cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (Gibco, Waltham, MA) and antibiotics (1%
penicillin/streptomycin) in a 5% CO2 incubator at 37 °C. For
the stimulation, cells were exposed to multiple doses of
esculetin (0.5−50 μM) (≥95% purity; National Institutes for
Food and Drug Control; Beijing, China) and/or IL-1β (Sigma
Chemical Co., MO) for 24 h.

Figure 1. Esculetin protected against IL-1β-evoked apoptosis but had little cytotoxicity to HNPCs. (A) 2D and 3D chemical structures of esculetin.
(B) Cytotoxicity of esculetin on HNPCs was analyzed. (C) Cells were exposed to various doses of IL-1β. Cell viability was then determined. (D)
Cells were treated with 10 ng/mL of IL-1β and esculetin ranging from 0.5 to 50 μM for 24 h. Then, a CCK-8 assay was performed to detect cell
viability. (E, F) Cell apoptosis (E) and caspase-3 activity were evaluated. (G) Protein expression of cleaved caspase-3 was analyzed by Western
blotting assay. *P < 0.05.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06771
ACS Omega 2024, 9, 817−827

818

https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


SiRNA Transfection. To induce the knockdown of Nrf2 in
HNPCs, siRNA transfection was performed. Briefly, HNPCs at
70−80% confluency were inoculated into a six-well plate.
Then, cells were transfected with siRNAs targeting Nrf2 or
scramble control (No. 107966; Invitrogen, Carlsbad, CA)
using Lipofectamine RNAi MAX (5 μL; Invitrogen). The
scrambled siRNAs were applied as the negative control (si-
NC). After the above incubation for 48 h, all specimens were
harvested to evaluate the final transfection efficacy of siRNAs
using the Western blotting assay.
Cell Counting Kit (CCK)-8 Detection. Cytotoxicity on

HNPCs was assessed by the CCK-8 kits (#G021-1-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). All
protocols were performed according to the manufacturer’s
instructions. Briefly, the cells were transfected with si-Nrf2
under esculetin or 10 ng/mL IL-1β exposure for 24 h. Then, a
culture medium containing 10 μL of the CCK-8 solution was
added for further reaction. Four hours later, the wavelength of
450 nm was captured using a microplate reader.
Cell Apoptosis Analysis. Cell apoptosis was detected

according to the previously described method.21,22 HNPCs
within a six-well plate were transfected with si-Nrf2 under IL-
1β and esculetin exposure for 24 h. Then, the cells were
harvested and centrifuged for 5 min. Subsequently, the cells
were resuspended in a 1× Annexin V binding buffer (100 μL)
and then incubated with 5 μL of Annexin V-FITC and 10 μL
of PI (#C1062S; Beyotime, Shanghai, China) avoiding light.
Fifteen minutes later, all samples were subjected to an LSRII
flow cytometer (BD Biosciences) and analyzed with CellQuest
software. All experimental procedures were carried out
according to the protocols of Annexin V Apoptosis Kits
(Beyotime).
Detection of the Caspase-3 Activity. The activity of

caspase-3 in HNPCs was determined using a commercial
Caspase-3 Activity Detection Kit (#G015-1-3; Nanjing
Jiancheng Bioengineering Institute). All experimental protocols
were performed according to the manufacturer’s instructions.
After the collection of HNPCs under various treatments, the
cells were lysed with ice-cold lysis buffer. Then, the prepared
lysates were incubated with 10 μL of Ac-DEVD-pNA, a specific
substrate of caspase-3, at 37 °C. Four hours later, the activity of
caspase-3 was evaluated by detecting the absorbance at 405
nm.
qRT-PCR. A TRIzol reagent (Beyotime) was applied to

extract total RNA from HNPCs that was then used as a
template to prepare the first-strand complementary DNA
(cDNA) using SuperScript II First-Strand Synthesis System
(Invitrogen). Then, the mRNA levels of collagen II, aggrecan,
MMP-3, MMP-13, inducible nitric oxide synthase (iNOS), IL-
6, and tumor necrosis factor-α (TNF-α) were quantified using
SYBR Premix Ex Taq Kit (Sangon, Shanghai, China) according
to the manufacturer’s protocols. The primers involved in
experiments were shown as follows: collagen II (sense, 5′-
CAGCAAGAGCAAGGAGAAGA-3 ′ ; ant isense , 5 ′ -
CAGTGTTGGGAGCCAGATT-3′), aggrecan (sense, 5′-
CACAAGGGAGAGAGGGTAGT-3′; antisense, 5′-GGAC-
GAAAGGGAGATGGAAAG-3′), IL-6 (sense, 5′-GGA-
G A C T T G C C T G G T G A A A - 3 ′ ; a n t i s e n s e , 5 ′ -
CTGGCTTGTTCCTCACTACTC-3′), TNF-α (sense, 5′-
CTCAACGGACTCAGCTTTCT-3 ′ ; ant isense , 5 ′ -
GTCTGTGGTCTGTTTCCTTCT-3′), iNOS (sense, 5′-
T G G A G C G A G T T G T G G A T T G - 3 ′ ; a n t i s e n s e , 5 ′ -
CCTCTTGTCTTTGACCCAGTAG-3′), MMP-3 (sense, 5′-

GTGAGGACACCAGCATGAA-3′; antisense, 5′-GAC-
CACTGTCCTTTCTCCTAAC-3′), MMP-13 (sense, 5′-
GGAAGAAGAGCTATCAGGAGAAAG-3′; antisense, 5′-
CCAGCCACGCATAGTCATATAG-3′), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (sense, 5′-
GTCAACGGATTTGGTCGTATTG-3′; antisense, 5′-
CCGTTCTCAGCCATGTAGTT-3′). The formula 2−ΔΔCt

was used to quantify the transcripts of targeted genes with a
normalization control of GAPDH.
Detection of Intracellular Reactive Oxygen Species

(ROS), Malondialdehyde (MDA), and Superoxide Dis-
mutase (SOD) Content Levels. The levels of ROS in cells
were determined according to the previously described
method.23,24 Briefly, to detect ROS levels, a serum-free culture
medium containing 10 μM DCFH-DA (#S0033S; Beyotime)
was added to yield fluorescent DCF. Approximately 30 min
later, a fluorescence microscope (Nikon, Tokyo, Japan) and a
fluorometric microplate reader (Molecular Devices, Sunnyvale,
CA) were used to measure fluorescence with the excitation
wavelength of 490 nm and emission wavelength of 525 nm.

For the measurements of MDA (#A003-4-1) and SOD
activity (#A001-1-1), the commercial kits were obtained from
Nanjing Jiancheng Bioengineering Institute. To determine the
levels of MDA, all specimens were treated with reacted
reagents and then incubated at 95 °C for 40 min. After
centrifugation for 10 min, the supernatants were collected, and
the absorbance at 532 nm was analyzed. For the analysis of
SOD, all samples were incubated at 37 °C for 20 min. Then,
the absorbance at 450 nm was captured to determine the SOD
activity.
Measurement of Nitric Oxide (NO) Levels. Following

the various treatments, HNPCs were collected and incubated
with a Griess reaction (#A012-1-2; Nanjing Jiancheng
Bioengineering Institute) for 10 min. Then, the contents of
nitrite were spectrophotometrically measured to determine the
NO levels by capturing the absorbance at 550 nm. The
detailed procedures were performed according to the
instructions of the commercial NO detection kits.
Western Blotting Assay. Protein expression was analyzed

according to the previously described method.25,26 Briefly, a
solution of RIPA lysis buffer was added to extract the total
protein from HNPCs. A commercial BCA protein kit
(Beyotime) was used to quantify the prepared protein
concentration. Next, approximately 35 μg of protein samples
were subjected to 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel and transferred to a
PVDF membrane (Bio-Rad; Hercules, CA). Then, the
membranes were interdicted with 5% nonfat milk for 1.5 h
before the incubation with the primary antibodies against
human collagen II (1:8000; #ab188570), aggrecan (1:3000; #
ab3778), MMP-3 (1:10000; #ab52915), MMP-13 (1:5000;
#ab39012), Nrf2 (1:1000; #ab137550), heme oxygenase 1
(HO-1) (1:2000; #ab52947), Lamin B (1:1000; #ab229025),
cleaved caspase-3 (1:500; #ab32042) (all from Abcam,
Cambridge, U.K.), p65 nuclear factor kappa-B (NF-κB)
(1:1000; #sc-8008), and phosphorylated p65 NF-κB (p-p65)
(1:1500; #sc-166748) (from Santa Cruz Biotechnology; Santa
Cruz, CA). After incubation at 4 °C overnight, the membranes
were rinsed and incubated with horseradish peroxidase (HRP)-
conjugated second antibody at room temperature for 2 h. The
binding sites were then visualized using the enhanced
chemiluminescence ECL reagent (No. P0018S; Beyotime)
and analyzed using a Gel Doc XR imaging system (Bio-Rad
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Laboratories, Hercules, CA) and ImageJ software. The
endogenous control of GAPDH was introduced to normalize
the targeted proteins.
ELISA Analysis. The contents of inflammatory cytokines

(TNF-α and IL-6) in supernatants from HNPCs were
quantified using the TNF-α (#DTA00D) and IL-6
(#D6050) ELISA Kits (R&D Systems, Minneapolis, MN).
Human ELISA kits for MMPs (MMP-3 and MMP-13) were
obtained from ebioscience (#BMS2014-3 and #EHMMP13;
San Diego, CA). Detailed experimental procedures were
performed according to the manufacturer’s recommendations.
Briefly, the supernatants from cells were prepared by
centrifuging for 10 min to remove cell fragments. Then, 50
μL of the prepared samples were added into 96-well plates and
then incubated with human TNF-α, IL-6, MMP-3, and MMP-
13 HRP and biotin conjugates (100 μL) at 37 °C for 1 h.
Subsequently, the substrate solution was added for further
incubation for 15−20 min under dark. Then, the stopping
solution (50 μL) was added and the absorbance at 450 nm was
spectrophotometrically measured with a microplate reader.

Statistical Analysis. All data from at least three individual
experiments are presented as the mean ± standard deviation
(SD). The statistical analysis was carried out using SPSS
version 20.0 software. Data were statistically analyzed using
ANOVA with posthoc SNK test for comparison in multiple
groups. P < 0.05 was defined as a statistical significance.

■ RESULTS
Esculetin Antagonizes IL-1β-Evoked HNPC Cell

Apoptosis while Having Little Cytotoxicity to Cells.
The chemical structure of esculetin is shown in Figure 1A. To
further elaborate on the function of esculetin in the
development of IVDD, we first investigated its roles in
IVDD in vitro by constructing an IL-1β-evoked HNPC model.
Before this, we first explored the cytotoxicity of esculetin in
HNPCs and confirmed that exposure to esculetin ranging from
0.5 to 50 μM resulted in little cytotoxicity to HNPCs (Figure
1B). Cells stimulated with IL-1β exhibited a remarkable
decrease to 58.62% in cell viability when the dose was up to 10
ng/mL, while cell viability was further inhibited when the dose

Figure 2. Esculetin treatment ameliorated the IL-1β-induced oxidative stress in HNPCs. Cells were treated with 10 ng/mL of IL-1β and esculetin
(5 and 20 μM) for 24 h. Then, the levels of ROS (A) were determined by detecting the generated fluorescent DCF. Furthermore, the contents of
MDA (B) and SOD activity (C) were assessed in HNPCs using the corresponding commercial kits. Scale bar = 50 μm. *P < 0.05 vs control groups.
#P < 0.05 vs IL-1β groups.
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of IL-1β was greater than 10 ng/mL (Figure 1C). Therefore,
the concentration of 10 ng/mL was selected for the following
experiments. In contrast to the control groups, IL-1β exposure
inhibited cell viability; however, esculetin over 1 μM
significantly reversed the IL-1β-evoked inhibition of cell
viability (Figure 1D). No obvious differences were observed
in 20 μM- and 50 μM-treated groups. Additionally, IL-1β
stimulation increased cell apoptosis relative to the control
groups, which was reversed after esculetin treatment at doses
of 5 and 20 μM (Figure 1E). The increased activity of caspase-
3 in IL-1β-exposed HNPCs was also dose-dependently
attenuated after esculetin treatment (Figure 1F). Furthermore,
exposure to IL-1β enhanced the protein expression of cleaved
caspase-3 in HNPCs, which was reversed by esculetin (Figure
1G).

Esculetin Alleviates IL-1β-Induced Oxidative Stress in
HNPCs. Further analysis confirmed that IL-1β exposure
induced 2.56-fold increases in ROS levels relative to the
control groups; however, this increase was overturned after
treatment with 5 and 20 μM esculetin (Figure 2A). Moreover,
the increased contents of MDA, a marker of oxidative stress,
were observed in IL-1β-stimulated cells, which were dose-
dependently inhibited after esculetin administration (Figure
2B). Importantly, the activity of the antioxidative enzyme SOD
was reduced after IL-1β treatment (Figure 2C). Nevertheless,
the suppressive effects of IL-1β on SOD activity were muted
following esculetin treatment (Figure 2C). Thus, these data
support the antioxidative stress efficacy of esculetin in HNPCs
under inflammatory conditions.
Esculetin Regulates Extracellular Matrix Metabolic

Dysfunction in HNPCs in Response to IL-1β Exposure.

Figure 3. Esculetin regulated the extracellular matrix metabolization disorder in IL-1β-stimulated HNPCs. (A−D) HNPCs were treated with 10
ng/mL IL-1β and various doses of esculetin. Approximately 24 h later, the mRNA levels of anabolic biomarkers (collagen II and aggrecan) (A, B)
and catabolic biomarkers (MMP-3 and MMP-13) (C, D) were detected by qRT-PCR. (E, F) Western blotting assay was performed to determine
the protein levels. (G, H) Releases of MMP-3 (G) and MMP-13 (H) from HNPCs were analyzed. *P < 0.05 vs control groups. #P < 0.05 vs IL-1β
groups.
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Extracellular matrix destruction constitutes a major cause of
the development of IVDD.27,28 Therefore, we next elaborate
on the effects of esculetin on extracellular matrix metabolic
dysfunction in HNPCs. Compared with the control groups,
cells exposed to IL-1β had lower transcripts of anabolic
biomarkers (collagen II and aggrecan) (Figure 3A,B) but
higher transcripts of catabolic biomarkers (MMP-3 and MMP-
13) (Figure 3C,D). However, esculetin antagonized the IL-1β-
evoked above changes in a dose-dependent manner. Con-
comitantly, the decreased protein expression of collagen and
aggrecan and increased protein levels of MMP-3 and MMP-13
were offset after esculetin treatment in IL-1β-treated cells
(Figure 3E,F). Moreover, IL-1β-induced releases of MMP-3
(Figure 2G) and MMP-13 (Figure 2H) from HNPCs were
also inhibited after esculetin treatment.
Administration with Esculetin Restrains the Inflam-

matory Response in IL-1β-Stimulated HNPCs. As shown
in Figure 4A, IL-1β exposure induced 8.69-fold increases in the
level of iNOS mRNA in HNPCs relative to the control groups,
which were dose-dependently decreased after esculetin treat-
ment. Furthermore, IL-1β enhanced the transcripts of a
proinflammatory cytokine, including IL-6 (Figure 4B) and
TNF-α (Figure 4C). However, these increases were over-
turned after esculetin incubation. Concomitantly, the increased
levels of NO (Figure 4D), IL-6 (Figure 4E), and TNF-α
(Figure 4F) in IL-1β-treated cells were reversed when cells
were treated with esculetin.

Esculetin Treatment Enhanced the Activation of the
Nrf2/HO-1 Pathway in NP Cells in Response to IL-1β
Stimulation. Accumulating evidence highlights the protective
efficacy of Nrf2/HO-1 signaling in IVDD.29,30 As shown in
Figure 5A,B, IL-1β treatments exhibited little effect on the
protein expression of Nrf2 in HNPCs. No obvious changes in
the protein levels of HO-1 were observed in IL-1β-treated cells
(Figure 5A,C). Noticeably, treatment with esculetin enhanced
the protein expression of Nrf2 and HO-1, indicating the
activation of Nrf2/HO-1 in HNPCs.
Esculetin Suppresses the IL-1β-Induced Activation of

the NF-κB Signaling via the Nrf2/HO-1 Axis. Aberrant
activation of the NF-κB signaling has been implicated in the
development of IVDD.7 In this study, IL-1β exposure induced
the activation of NF-κB signaling by increasing the protein
expression of p-p65 NF-κB (Figure 5A,D). Moreover, esculetin
inhibited IL-1β-induced increases in the protein expression of
p-p65 NF-κB. Importantly, targeting Nrf2 reversed the
inhibitory effects of esculetin on the activation of the NF-κB
pathway (Figure 5A,D), indicating that esculetin may restrain
the IL-1β-induced activation of NF-κB signaling via the Nrf2/
HO-1 axis.
Blocking the Nrf2 Signaling Overturns the Protective

Efficacy of Esculetin against IL-1β-Evoked Apoptosis,
Metabolic Dysfunction, and inflammation. Further
analysis revealed that esculetin antagonized IL-1β-mediated
inhibition of cell viability, which was overturned after si-Nrf2
transfection (Figure 6A). Moreover, the suppressive efficacy of

Figure 4. Esculetin inhibited the inflammatory response in IL-1β-stimulated HNPCs. (A−C) mRNA levels of the inflammatory mediators were
detected by qRT-PCR. (D−F) After the stimulation with IL-1β and esculetin for 24 h, the production of NO (D), IL-6 (E), and TNF-a (F) from
HNPCs was measured. *P < 0.05 vs control groups. #P < 0.05 vs IL-1β groups.
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esculetin in IL-1β-induced apoptosis (Figure 6B) and ROS and
MDA production (Figure 6C) were reversed after blocking the
Nrf2 signaling. Concomitantly, the increased SOD activity in
esculetin-stimulated cells under IL-1β conditions was reversed
following the si-Nrf2 treatment (Figure 6D). Moreover,
esculetin enhanced the protein expression of collagen II and
aggrecan (Figure 7A) and mitigated MMP-3 and MMP-13
production (Figure 7B) in IL-1β-treated cells; however, these
changes were offset after blocking the Nrf2 pathway. In
addition, targeting Nrf2 signaling muted the inhibitory effects
of esculetin on NO production (Figure 7C) and transcripts
(Figure 7D) and the release (Figure 7E) of IL-6 and TNF-α in
cells under IL-1β conditions.

■ DISCUSSION
As a common degenerative disease, IVDD usually causes low
back pain that affects the ability to work and quality of life
worldwide.1 IL-1β is a proverbial proinflammatory cytokine
and is upregulated in NP tissues as the disk degeneration
progresses, which may aggravate the development of IDD.5,8

Therefore, IL-1β is usually used to mimic the progression of
IVDD in vitro.6,10 In this study, we investigated the roles of
esculetin in IL-1β-induced dysfunction in NP cells and
highlighted that esculetin protected HNPCs from IL-1β-
induced oxidative injury, matrix metabolic disorder, and
inflammation in HNPCs by blocking the NF-κB signaling via

the activation of the Nrf2/HO-1 axis. Thus, esculetin may be a
promising agent for the treatment of IVDD.

NPCs are the dominant cell type in NP, and their death is a
key contributor to IVDD. It has been demonstrated that the
increase of ROS causes abundant oxidative stress, thus
accelerating the degeneration of IVD.6,31 Blocking oxidative
stress in NPCs is becoming a promising strategy for the
treatment of IVDD.6,32,33 Consistent with previous find-
ings,6,31,33 IL-1β exposure enhanced the levels of ROS and
MDA and decreased the activity of antioxidative SOD.
Esculetin, a main effective ingredient from various Chinese
herbal medicines, is involved in multiple biological processes,
including antioxidative injury. For instance, esculetin amelio-
rates hypoxia-reoxygenation-induced apoptosis in cardiomyo-
cytes by blocking oxidative stress.13 In this study, esculetin had
little cytotoxicity to HNPCs. Importantly, esculetin attenuated
IL-1β-induced oxidative injury and cell apoptosis in HNPCs,
indicating the antioxidative injury effects of esculetin on
HNPCs. Intriguingly, esculetin retards LPS-induced lung
injury.15 Importantly, the antinociceptive efficacy of esculetin
is demonstrated in a rat model of inflammatory pain.18 These
data indicate the beneficial potential of esculetin in IVDD by
regulating oxidative injury in HNPCs.

The disruption of ECM metabolism in the IVD micro-
environment usually leads to an imbalance in anabolic and
catabolic processes, which is the major cause of IVDD.27,28

Under normal conditions, ECM can maintain the internal

Figure 5. Esculetin suppressed the IL-1β-induced activation of NF-κB signaling via the Nrf2/HO-1 axis. HNPCs were transfected with si-Nrf2 for
48 h and exposed to IL-1β and esculetin conditions for 24 h. (A) Then, the protein expression levels of Nrf2, HO-1, p-p65 NF-κB, and p65 NF-κB
were evaluated by Western blotting. (B−D) The corresponding bands were quantified using ImageJ software. *P < 0.05 vs control groups. #P <
0.05 vs IL-1β groups. &P < 0.05 vs IL-1β and ES groups.
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pressure of the IVD by forming a powerful hydrodynamic
system to fulfill the function of disks. During the development
of IVDD, abundant productions of pro-catabolic enzyme
MMPs and decreases of collagen II and proteoglycan (e.g.,
aggrecan) from NPCs will result in the metabolic function
tilting toward catabolism from anabolism, leading to the
disruption of ECM balance. Currently, increasing research has
achieved their therapeutic efficacy for IVDD by affecting
metabolic remodeling in ECM.10,27 Similar to previous
findings,6,10 IL-1β stimulation increased the expression and
release of catabolic biomarkers (MMP-3 and MMP-13) and
decreased the expression of anabolic metabolism-associated
collagen II and aggrecan, indicating the metabolic disruption
toward catabolism in HNPCs. Notably, treatment with
esculetin ameliorated IL-1β-evoked metabolic dysfunction by
inhibiting IL-1β-induced catabolism-related expression of
MMP-3 and MMP-13 and reversed IL-1β-mediated reduction
of anabolic metabolism-associated collagen II and aggrecan
expression. Thus, these data indicate that esculetin may
regulate metabolic dysfunction in IL-1β-treated NPCs by
suppressing excessive catabolism and increasing anabolism.

Intriguingly, a previous study confirmed that esculetin
inhibited proteoglycan metabolism by blocking the production
of MMPs in chondrocytes.34 Additionally, administration with
esculetin inhibits the expression of MMPs and therefore
alleviates cartilage destruction in experimental osteoarthritis.20

As a key participator, inflammatory response usually occurs
after injury and influences various pathogenic processes, such
as cancer, IVDD, and IVDD-evoked pain, by inducing
abundant releases of proinflammatory mediators and cyto-
kines.5,9,35 A growing body of evidence supports the fact that
IVDD is commonly accompanied by increased levels of
proinflammatory cytokines, such as IL-1β.7,36 Notably,
abundant production of these inflammatory factors will induce
a local inflammatory response, which facilitates the catabolism
of ECM and leads to the dysfunction and structural changes of
IVD.31,37 For instance, inflammatory mediator iNOS plays an
important role in the inflammatory processes via accelerating
the production of NO, thereby triggering the progression of
IVDD.38 In this study, IL-1β exposure enhanced the expression
levels of inflammatory mediator iNOS, NO, and inflammatory
cytokine IL-6 and TNF-α in human NPCs. Similar to these

Figure 6. Blocking the Nrf2 signaling reversed the protective efficacy of esculetin against IL-1β-evoked apoptosis and oxidative injury. (A, B) Cells
under IL-1β and esculetin conditions were transfected with si-Nrf2. Approximately 24 h later, cell viability (A) and apoptosis (B) were determined.
The effects on oxidative stress were evaluated by detecting the levels of ROS, MDA (C), and SOD (D). #P < 0.05 vs IL-1β groups. &P < 0.05 vs IL-
1β and ES groups.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06771
ACS Omega 2024, 9, 817−827

824

https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06771?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


data, the previous study also revealed that IL-1β treatment
increased the expression of these inflammatory mediators and
cytokines in NPCs.29 Esculetin has been proven to be involved
in various pathogenic processes, including the anti-inflamma-
tory response. For instance, esculetin can protect against early
sepsis by inhibiting NF-kb-mediated inflammatory response.17

Moreover, esculetin also alleviates LPS-induced inflammatory
response and cell death in human retinal pigment epithelial
cells.39 In the present study, esculetin inhibited the
inflammatory response in IL-1β-treated HNPCs. Increasing
evidence supports anti-inflammation as a promising therapeu-
tic approach against IVDD.5,10,36 Thus, esculetin may attenuate
the progression of IVDD by inhibiting the inflammatory
response.

We next discerned the molecular mechanism underlying
esculetin-mediated protection against IL-1β-induced dysfunc-
tion in HNPCs and confirmed that esculetin inhibited IL-1β-
induced activation of NF-kb signaling. NF-kb is a common
proinflammatory and multifunctional pathway and is recog-
nized as a pathogenic factor for IVDD by regulating the NPC
function.7 Convincing evidence has substantiated that
restraining the NF-kb signaling can alleviate the progression
of IVDD.7,40 Importantly, the current data confirmed that
esculetin induced activation of the Nrf2-HO-1 axis in IL-1β-
stimulated NPCs. However, what is the pharmacophore of
esculetin in activating Nrf2? A previous study revealed that
esculetin exerted an antioxidative function, which might be
associated with the phenolic hydroxyl groups (sixth and
seventh positions) in the structure.11 Whether esculetin
activates Nrf2 via its chemical structures, such as its phenolic
hydroxyl, will be elucidated in our next study.

In this study, we revealed that esculetin activated Nrf2 in IL-
1β-treated NPCs. Notably, a previous study also confirmed the
activation of Nrf2 by ulinastatin and simethyl fumarate in IL-
1β- and LPS-treated NPCs.29,30 Intriguingly, dimethyl
fumarate mitigated LPS-induced oxidative stress and inflam-
mation in NPCs via the Nrf2/HO-1 axis.23 Additionally,
ulinastatin IL-1β-induced apoptosis, oxidative stress, and ECM
degradation in NPCs via the Nrf2/HO-1 signaling pathway.29

Of interest, our data confirmed that blockage of the Nrf2
signaling overturned the protective effects of esculetin on IL-
1β-induced apoptosis, ECM degradation and inflammation in
NPCs via the Nrf2/HO-1 signaling, indicating that esculetin
could attenuate oxidative injury, matrix metabolism dysfunc-
tion and inflammation in IL-1β-treated NPCs by the Nrf2/
HO-1/NF-kb signaling. Moreover, esculetin was proven to
have little toxicity in NPCs. Intriguingly, activating the Nrf2
signaling ameliorates the dysfunction of NPC and the
progression of IVDD.29,30,41 In this study, inhibition of Nrf2
overturned the suppressive effects of esculetin on the IL-1β-
induced activation of the NF-kb pathway, indicating that
esculetin may restrain the IL-1β-induced activation of the NF-
κB signaling by activating the Nrf2/HO-1 axis. The previous
study revealed that Nrf2 could adversely affect the NF-κB
signaling via several mechanisms to control cellular response
during stress and inflammatory situations.38,42 For instance,
Nrf2 hinders oxidative stress-induced NF-κB activation by
inhibiting intracellular ROS levels.42 Moreover, esculetin can
enhance Nrf2 expression to prevent IκBα degradation, leading
to the inhibition of NF-κB nuclear translocation in macro-
phages.38 Therefore, in this study, whether the degradation of
IκBα or ROS accumulation is involved in Nrf2-mediated
inhibition of the NF-κB pathway. This question will be further

Figure 7. Targeting the Nrf2 pathway overturned the protective efficacy of esculetin against IL-1β-induced metabolic dysfunction and
inflammation. (A) HNPCs were transfected with si-Nrf2 and incubated under IL-1β and esculetin conditions for 24 h. Then, the protein expression
of extracellular matrix metabolic markers was analyzed by Western blotting. (B, C) Releases of MMPs (B) and NO (C) were determined. The
transcript (D) and production (E) of inflammatory cytokines were measured. #P < 0.05 vs IL-1β groups. &P < 0.05 vs IL-1β and ES groups.
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explored in our future work. Collectively, the current data
revealed little cytotoxicity of esculetin in HNPCs. Further-
more, esculetin protects against IL-1β-induced oxidative injury,
matrix metabolic dysfunction, and inflammatory response by
blocking the NF-kb signaling via the activation of the Nrf2/
HO-1 axis. Thus, esculetin may ameliorate the progression of
IVDD by regulating the dysfunction of NPCs. Together, the
current findings may highlight a promising therapeutic agent
for IVDD. However, whether esculetin can ameliorate the
progression of IVDD in vivo remains unclear. In our next study,
we will construct the IVDD animal model to explore the
potential roles of esculetin in the animal model. The effects of
esculetin on inflammatory response, NPC injury, and matrix
metabolic disruption will be analyzed in vivo. Furthermore, the
involvement of the Nrf2/HO-1 axis will also be investigated in
animal experiments.
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