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Purpose: Low back pain (LBP) induced by intervertebral disc degeneration (IDD) brings progressively painful status and impairs the
normal daily living. Engeletin is a plant-derived medicine with anti-inflammation and antioxidant functions. Therefore, we aim to
confirm its protective effects against the intervertebral disc degeneration in vivo and in vitro.

Methods: The cytotoxicity of engeletin was validated by CCK-8 tests. Using the TNF-a to simulate the inflammation status in vitro,
the expression of inflammatory mediators and MMP families were determined by qPCR, Western blotting and confocal microscopy.
Cell apoptosis was analyzed by flow cytometry and TUNEL assay. The expression of apoptosis-related proteins was tested by Western
blotting. The activation of NF-kB and MAPK pathways was evaluated by Western blotting and confocal microscopy. In vivo,
percutaneous needle puncture was used to establish the IDD model in rat, and engeletin was administrated via intradiscal injection.
The therapeutic effects of engeletin were detected through imaging and histology analysis.

Results: Cell viability tests demonstrated there was little cytotoxicity of engeletin toward NP cells. Pretreatment with engeletin
effectively ameliorate the TNF-a-induced up-regulation of inflammatory mediators and MMP families, promoting the anabolism of
ECM meanwhile. Cell apoptosis was also attenuated with the addition of engeletin. We found that the activation of MAPK and NF-kB
signaling pathways and the nuclear translocation of phosphorylated p65 and p38 were inhibited prominently with the treatment of
engeletin which may be the potential molecular mechanism for its anti-inflammation effects. Finally, the IDD induced by percutaneous
needle puncture was partially alleviated with the injection of engeletin in vivo.

Conclusion: As a natural compound with little cytotoxicity, engeletin possesses the outstanding anti-inflammation and anti-apoptosis
effects in the process of IDD in vitro and in vivo, which may be a promising medicine for the prevention and treatment of IDD-related
low back pain.

Keywards: intervertebral disc degeneration, engeletin, nucleus pulposus, inflammation, apoptosis, NF-kB and MAPK signaling

pathways

Introduction

Low back pain (LBP) has become the leading cause of disability in the world, affecting an estimated 568 million people
worldwide according to a recent global health report.' Moreover, people suffering from that will continue to rise due to
the population increase and aging.'” It is reported that about 80% of the people will experience LBP at some point in
their lives.® With the highest prevalence in the working-age population, LBP is an important reason for hospital visits and

exit of jobs prematurely, which has brought a great economic burden to society.*> Among a variety of reasons,
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intervertebral disc degeneration (IDD) is a major factor contributing to LBP.® Therefore, it is of great clinical and social
significance to explore how to effectively treat IDD.

Intervertebral disc (IVD) is a flexible joint located between the adjacent vertebral bodies, composed of three integrated
parts: the internal nucleus pulposus (NP), the surrounding annulus fibrosus (AF) and cartilage endplate (CEP).” The healthy
nucleus pulposus is a gelatinous tissue, consisting of abundant extracellular matrix (ECM) and scattered NP cells.® In the
majority of cases, the IDD is beginning from the nucleus pulposus, manifesting the decrease in NP cells and loss of the ECM.
Subsequently, the nucleus pulposus will dehydrate and shrink, causing the height loss, impaired load-bearing capacity and
various symptoms finally.”'® The normal content of ECM is maintained relying on the homeostasis of anabolism and
catabolism. But at the inflammation status, the massive inflammatory cytokines, such as tumor necrosis factor-o (TNF-a)
and interleukin-1p (IL-1p), will disturb the metabolic homeostasis, resulting in the up-regulation of matrix metalloproteinases
(MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) family, and consequently prompt-
ing the degrading of ECM."'"'* Meanwhile, such inflammatory cytokines will also lead to the down-regulated synthesis of
collagen and aggrecan, which is the principal component of ECM.*'* The persistent inflammation will induce the NP cells
apoptosis as well, further destroying the metabolic homeostasis and making the IDD irreversible.'>'® From the point of
pathophysiology and molecular mechanism, inflammation is the core factor for the starting and developing of IDD; therefore,
effectively controlling and relieving the inflammation may be a promising therapeutic strategy.

Engeletin is a natural compound belonging to the flavanonol glycosides, which is widely distributed in many herbs.'”
As the main bioactive component of many traditional medicines, engeletin has a long history used to treat a number of
inflammatory diseases.'® Modern technology has successfully purified the engeletin and confirmed its a variety of
biological effects, such as anti-inflammation, antioxidant and antiulcerogenic effects.'® Recently, many studies have
reported engeletin suppresses inflammatory response through blocking the MAPK and NF-«kB signaling pathways in
many diseases.”’ %% Therefore, it has drawn our great attention to verify its therapeutic effects towards the IDD.

In our research, we explored the possibility of engeletin to inhibit the TNF-o-induced inflammatory cytokines
synthesis and release, mitigate the disturbance of metabolic homeostasis of matrix and attenuate the apoptosis of NP
cells through down-regulating the activation of MAPK and NF-«xB pathways in vitro. Following, we constructed the IDD
model in rat, further elucidating its protective effects for intervertebral disc in vivo.

Materials and Methods

Reagents and Antibodies

Engeletin was purchased from Selleck Chemicals (Houston, TX, United States). Dimethyl sulfoxide (DMSO), type 11
collagenase, ITS (Insulin Transferrin Selenium) regent and Alcian blue solution were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) culture medium, fetal bovine serum (FBS), 0.25% trypsin
EDTA solution, 1% penicillin—streptomycin mixture were purchased from Gibco (Thermo Fisher Scientific, Waltham, MA,
USA). Cell Counting Kit-8 (CCK-8) was obtained from Sangon Biotech Co. Ltd. (Shanghai, China). TNF-o was purchased
from R&D Systems (Minneapolis, MN, USA). TRIzol reagent, BCA assay, Alexa Fluor 594 conjugate secondary antibody
and Alexa Fluor 488 conjugate secondary antibody were obtained from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
The cDNA Synthesis Kit and TB Green Premix Ex Taq Kit were obtained from Takara Bio (Otsu, Japan). The RIPA lysis
buffer and phosphatase and protease inhibitors were purchased from Roche (Basel, Switzerland). The DAPI staining solution,
DNase-free Proteinase K, TUNEL Apoptosis Assay Kit and Annexin V-FITC apoptosis detection kit were obtained from
Beyotime Biotechnology Co. Ltd. (Shanghai, China). The primary antibodies against iNOS (AF0199), IL-1 (AF5103),
COX2 (AF7003) were purchased from Affinity Biosciences (OH, United States). The primary antibodies against MMP3
(ab52915), MMP13 (ab39012), SOX9 (ab185966) were obtained from Abcam (Cambridge, MA, USA), while B-actin (66009-
1-Ig), Bax (50599-2-1Ig), Bcl-2 (26593-1-AP) were purchased from Proteintech (Wuhan, China). Antibodies against MMP9
(136678S), Cleaved Caspase-3 (9664S), IKKf (8943S), phospho-IKKa/p (2694S), IkBa (4814S), phospho-IkBa (5209S), p65
(82428), phospho-p65 (3033S), SAPK/INK (9252S), phospho-SAPK/INK (4668S), ERK1/2 (4695S), phospho-ERK1/2
(4370S), p38 (8690S), phospho-p38 (4511S), anti-rabbit and anti-mouse IgG (H + L; DyLight™ 800 4x PEG conjugate)
secondary antibodies, HRP-linked second antibody were obtained from Cell Signaling Technology (Danvers, MA, USA).
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Primary NP Cells Isolation and Culture

Six-week-old male Sprague-Dawley rats (Shanghai Lab, Animal Research Center Co. Ltd, Shanghai, China) were
euthanized through an overdose of pentobarbital sodium and soaked in 75% ethanol for 15 min. After Flaying the tail
skin, the intervertebral discs were exposed. Then cutting alone the cartilage endplate, the gelatinous nucleus pulposus
was extracted and digested in the 1% type II Collagenase for 2 hours. Later, after the centrifuge and suspension, the
primary nucleus pulposus cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15%
fetal bovine serum and 1% penicillin—streptomycin in an incubator at 37°C with 5% CO,. The NP cells used in the in
vitro experiments were from the passage 2—4.

Cell Counting Kit-8 (CCK-8) Assay

The cytotoxicity and influence for proliferation of engeletin on NP cells were assessed using a CCK-8 kit. To determine the
cytotoxicity, the NP cells were seeded onto 96-well plates at a density of 2x10* cells/well with engeletin at different
concentrations (0, 2.5, 5, 10, 20, 40, 80, 160 uM) for 24 h. To determine the influence for proliferation, the NP cells seeded
onto 96-well plates at a density of 5% 10? cells/well were cultured with engeletin at different concentrations (0, 2.5, 5, 10, 20,
40, 80, 160 uM) for 24 h, 48 h and 72 h. At the end of the experimental periods, 100ul complete media containing 10 pL of
CCK-8 reagent was added into each well, and mixture was also added into wells without cells as blank control. After
incubating for 2h at 37°C, the absorbances (measured as optical density; OD) of each well were measured at 450nm using an
Infinite M200 Pro multimode microplate reader (Tecan Life Sciences, Méannedorf, Switzerland).

RNA Extraction and Real-Time Quantitative PCR (qPCR) Analyses

NP cells were seeded in 6-well plates and incubated with different treatments for 24h at 37°C. Then, total RNA was extracted
from cells using TRIzol reagent according to the manufacturer’s protocol. The complementary DNA (cDNA) was reversed
transcribed from the obtained total RNA using the cDNA Synthesis Kit. Real-time qPCR was performed using the TB Green
Premix Ex Taq Kit on an Applied Biosystems QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). The B-actin was used as the internal reference gene and the expression of other genes were normalized
using the 27**“T method. The primer sequences were designed using NCBI BLAST and listed in Table 1.

Protein Extraction and Western Blotting

Total cellular proteins were extracted from the pretreatment NP cells using RIPA lysis buffer containing phosphatase and
protease inhibitors, and the content of proteins was quantified with BCA assay. Then, the equal amounts of proteins were
resolved on 4-20% gels and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
electroblotted onto 0.22 um PVDF membrane (Merck-Millipore). After blocking with 5% BSA-TBST at room tempera-
ture for lh, the membranes were washed for 30 min with TBST buffer and subsequently incubated with targeted primary
antibodies (diluted 1:1000) overnight at 4°C. Membranes were washed for another 30 min with TBST and then incubated
with anti-rabbit or anti-mouse secondary antibodies (diluted 1:5000) at RT for 1 hour in the dark. Later, the membranes
were washed again and protein immunoreactivity was detected on a LI-COR Odyssey fluorescence imaging system (LI-
COR Biosciences, Lincoln, NE, United States). The f-actin was used as internal reference and semi-quantitative analysis
was achieved using ImageJ V1.8.0 software (National Institutes of Health).

Immunofluorescence

NP cells were seeded on the 35-mm Nunc™ glass-based dish (Thermo Fisher Scientific) and stimulated using TNF-a with or
without engeletin addition for 24h. As for the assessment of p-p65 and p-p38 nuclear translocation, the cells were pretreated with
or without engeletin for 3h and then stimulated with TNF-a for 15min. The normal NP cells without treatment were served as the
control group. At the end of the experimental periods, NP cells were washed three times with PBS buffer and then fixed for 30min
with 4% paraformaldehyde. After another three times wash, NP cells were permeabilized with 0.5% Triton X-100 at room
temperature for 10min and blocked with 5% BSA for another 1h. Subsequently, NP cells were incubated with primary antibodies
(diluted 1:200) at 4°C overnight. The next day, after washing with PBS three times, NP cells were incubated with Alexa Fluor 594
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Table | Primer Sequences

Gene Forward Primer (5'—3') Reverse Primer (5'—3')

P-Actin CCCGCGAGTACAACCTTCT ATGCCGTGTTCAATGGGGTA
MMP3 CCTCTGAGTCTTTTCATGGAGGG TGTCTGTAGCCCAGGAGTGT
MMP9 ATGGTGCCCCATGTCACTTT CACCAGCGATAACCATCCGA
MMPI3 CCAACCCTAAGCACCCCAAA TCTCGGGATGGATGCTCGTA
SOX9 TCCCCGCAACAGATCTCCTA AGCTGTGTGTAGACGGGTTG
Col2al GCCAGGATGCCCGAAAATTAG GGCTGCAAAGTTTCCTCCAC
Aggrecan GCTACCCTGATCCCTCATCC GATGTCCTCTTCACCACCCA
iNOS GCCTAGTCAACTACAAGCCC GTGCAGTCCCAGTGAGGAAC
IL-15 AGGCTGACAGACCCCAAAAG CTCCACGGGCAAGACATAGG
IL-6 GACTTCCAGCCAGTTGCCTT TTCTGACAGTGCATCATCGCT
cox2 GAGAGATGTATCCTCCCACAGTCA | GACCAGGCACCAGACCAAAG
TNF-a CTCAAGCCCTGGTATGAGCC CCCAGAGCCACAATTCCCTT

conjugate secondary antibody or Alexa Fluor 488 conjugate secondary antibody (diluted 1:1000) for 1h in the dark, and then
stained with DAPI solution for Smin in the dark. Finally, the digital fluorescence images were obtained using a laser scanning
microscope (Leica SP8 confocal microscope, Germany). The integrated optical density (IOD) of targeted genes and DAPI were
measured for semi-quantitative analysis.

High-Density Culture

NP cells were harvested and suspended at a density of 1.5x10” cells/mL. Then, a 10u1 solution containing about 1.5%10°
NP cells was seeded at the bottom of the 24-well plate. After 2 hours at 37°C, the DMEM supplemented with 2.5% FBS,
10ng/mL ITS (Insulin Transferrin Selenium) with or without TNF-a and engeletin was added into each well. The
medium was refreshed every 2 days. After a week, the NP cells clusters were stained with Alcian blue solution overnight
at room temperature to evaluate the ECM synthesis capacity, and the digital images were captured using a Leica
DM4000B epifluorescence microscope (Leica Microsystems).

Flow Cytometry

The Annexin V-FITC apoptosis detection kit was used to evaluate the rate of apoptosis. The NP cells with different treatments
were collected and washed with cold PBS two times, then 1.0x10° cells in each group were harvested and suspended with
195ul Annexin V-FITC binding buffer. Subsequently, Sul Annexin V-FITC and 10ul propidium iodide (PI) were added and
incubated for 20min at RT in the dark. Finally, the rate of apoptosis was detected using a flow cytometer (BD Co., USA).

TdT-Mediated dUTP Nick End Labeling (TUNEL) Assay

The TUNEL apoptosis assay kit was also used to assess the anti-apoptotic ability of engeletin. Briefly, the NP cells at different
groups were fixed with 4% paraformaldehyde for 30min at room temperature and treated with 0.5% Triton X-100 for another
10min. As for the TUNEL staining for tissues, the sections were deparaffinized and rehydrated, followed by incubated with
DNase-free Proteinase K for 30min at room temperature. Then, after washing three times, NP cells or sections were incubated
with TUNEL detection solution at RT for 1h in the dark. The nucleus was stained with DAPI staining solution for another
Smin. Finally, the digital fluorescence images were captured using a confocal microscope or epifluorescence microscope. The
semi-quantitative analysis was performed through counting the TUNEL-positive cells.
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Animals and Surgical Procedures

Ten 12-week-old male Sprague-Dawley rats were housed in pathogen-free conditions with appropriate temperature, humidity
and nutrition before and after the surgery. The percutaneous needle puncture was demonstrated as a credible method to
construct IDD model on rat previously.” Briefly, before the surgical procedures, rats were anesthetized through intraperitoneal
injections of pentobarbital sodium (40 mg/kg of body weight) and their tails were disinfected with 75% ethanol. Then, the
Co7/8 and Co8/9 discs were punctured using a 20-gauge sterile needle from the dorsal skin into the central of nucleus pulposus
and rotated 360° with the following 30s kept in position before extraction. Finally, the tail skin was resterilized after extracting
the needle to avoid infection. The Co8/9 discs were given 50l engeletin with a concentration of 80puM via intradiscal injection
every week using a microsyringe. Meanwhile, the Co7/8 discs were given the same volume of saline every week as the
treatment group. The Co6/7 discs were chosen as the control group without any treatment.

X-Ray Analysis

After 4 weeks of surgery, these rats received X-ray to evaluate the changes of intervertebral space. The digital imaging
was captured in the anteroposterior axis with a 21 Ip/mm detector that provides up to 5x geometric magnification
(Faxitron VersaVision; Faxitron Bioptics LLC, Tucson, AZ, USA). The Disc height indexes (DHIs) were calculated
according to the formula provided previously.”

Magnetic Resonance Imaging (MRI) Scan

MRI was commonly used to assess the degree of IDD according to the signal and structure changes of discs. At 4 weeks
post-surgery, these anesthetized rats were fixed and the coccygeal IVD signal was obtained using a 1.5 T magnetic
resonance scanner (Philips Eclipse, Cleveland, OH, USA) in sagittal T2-weighted images (T2WI). Later, the Pfirrmann
grades were measured to evaluate the degree of IDD.

Histology Analysis

The coccygeal IVD tissues were collected and fixed in 4% paraformaldehyde at least 48h. Then, the samples were
embedded into paraffin and Sum serial sections were obtained in the midsagittal region. Subsequently, the sections were
stained with hematoxylin and eosin (HE), safranin O-fast green (SO-FG) and alcian blue (AB) to evaluate the structural
changes of the IVD. Histological score was calculated according to a modified histologic grading system.>*

Immunohistochemistry

The sections were deparaffinized and rehydrated first, and then dealt with 3% hydrogen peroxide (H,O,) 10min at room
temperature to block the endogenous peroxidase. After blocking with the 10% goat serum for 1h at RT, the primary
antibodies were incubated overnight at 4°C. Finally, the sections were washed with PBS twice and incubated with HRP
conjugated secondary antibody for 1h at RT the next day. Digital images were obtained under a Leica DM4000 B
microscope (Leica Microsystems). The integrated optical density (IOD) was measured for semi-quantitative analysis
using Image Pro Plus 6.0 software.

Statistical Analysis

All experiments presented in this study were conducted at least three times to obtain the data. The measurement data were shown
as the mean =+ standard deviation. #-test was used to analyze the difference between the two groups, while multiple groups were
analyzed using one-way analysis of variance (ANOVA). p values <0.05 was considered statistical significance. GraphPad Prism
8.3 (GraphPad Software, San Diego, CA, United States) was used to analyze the data and draw relevant figures.

Results
Effects of Engeletin on NP Cells Viability and Proliferation

Engeletin is a natural compound with a chemical structure shown in Figure 1A. The CCK-8 tests were performed in order
to determine the effects of engeletin on NP cells viability and proliferation. For cytotoxicity analysis, NP cells were
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Figure | The chemical structure of engeletin and effects of engeletin on NP cells viability and proliferation. (A) The chemical structure of engeletin. (B) NP cells at a density
of 2x10* cells/well were treated with engeletin at different concentrations for 24h. CCK-8 tests were used to evaluate the cytotoxicity. (C—E) The influence of engeletin for
proliferation was also measured by CCK-8 tests. NP cells at a density of 5x10° cells/well were incubated with engeletin for 24h (C), 48h (D) or 72h (E). All data are
presented as mean * SD. *P <0.05, **P < 0.0l, n = 3.

treated with different concentrations (0, 2.5, 5, 10, 20, 40, 80, 160uM) of engeletin for 24h. As shown in Figure 1B, the
cell viability manifested no significant difference between different groups. For proliferation analysis, NP cells with a
lower density were treated with engeletin for 24, 48 and 72h. Engeletin showed no influence on NP cells proliferation for
24h (Figure 1C), but a little proliferation inhibition was shown at a concentration of 160uM for 48 and 72h (Figure 1D
and E). Therefore, 80uM of engeletin was used in the following experiments.

Engeletin Ameliorated TNF-a-Induced Inflammation on NP Cells

To detect the anti-inflammation effects of engeletin, TNF-a was used to simulate the inflammation status in vitro and the
expression of several inflammatory mediators were determined by Western blotting, RT-qPCR and Immunofluorescence.
NP cells were seeded in 6-well plates at a density of 2x10° cells/well, followed by incubated with engeletin (80uM) and
TNF-a (20ng/mL) for 24h. As shown in Figure 2A, the TNF-a stimulation prominently improved the expression of
iNOS, IL-1B, IL-6, COX2 and TNF-a on mRNA level, but engeletin could block the increment effectively. Meanwhile,
the expression of iNOS, IL-18 and COX2 was also up-regulated on protein levels after stimulating by TNF-a (Figure 2B
and D), while the addition of engeletin reversed these changes. The results of immunofluorescence further demonstrated
the effects of engeletin on inhibiting the expression of inflammatory mediators (Figure 2C and E).
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Figure 2 Engeletin ameliorates TNF-a-induced inflammation on NP cells. (A) The relative mRNA expression of iNOS, IL-1p, IL-6, COX2 and TNF-o were measured by RT-
qPCR. (B and D) The expressions of iNOS, IL- 13 and COX2 at protein level were determined by Western blotting. (C) The representative merge images of iNOS, IL-1p and
COX2 were captured by immunofluorescence combined with DAPI staining for nuclei (scale bar: 100pm). (E) The results of immunofluorescence were analyzed through
measuring the IOD values. All data are presented as mean + SD. *P <0.05, **P < 0.01, ***P<0.001 and ***¥P<0.0001, n = 3.

Engeletin Protected NP Cells from the Disturbance of Metabolic Homeostasis Induced by
TNF-a

The disturbance of metabolic homeostasis is the critical factor of IDD, manifested as the enhancement of catabolism and
destroying of normal anabolism, leading to the reduction of ECM finally. As shown in Figure 3A, B and D, the
expression of catabolic mediators of ECM, such as MMP3, MMP9 and MMP13, was elevated on mRNA and protein
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Figure 3 Engeletin prevented NP cells from the disturbance of metabolic homeostasis induced by TNF-a. (A) The relative mMRNA expression of MMP3, MMP9, MMPI 3,
SOX9, Collagen Il and Aggrecan were analyzed by RT-qPCR. (B and D) The expression of MMP3, MMP9, MMP13 and SOX9 at protein level were detected by Western
blotting. (C) The representative merge images of MMP3, MMP9 and Collagen Il were obtained by immunofluorescence combined with DAPI staining for nuclei (scale bar:
100pm). (E) The results of immunofluorescence were analyzed through measuring the IOD values. (F) Alcian Blue staining for the high-density culture of NP cells for | week
(scale bar: 2mm and [0pm). (G) The integrated optical density (IOD) value and IOD value/area were measured to evaluate the results of high-density culture through semi-
quantitative analysis. All data are presented as mean * SD. *P <0.05, **P < 0.0, **P<0.00| and ****P<0.0001, n = 3.

5774 "o Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

levels after the stimulation of TNF-a, while the anabolic mediators (Collagen II, Aggrecan and SOX9) presented an
opposite trend. However, in the treatment group, engeletin could attenuate the degradation and promote the synthesis of
ECM. The results of immunofluorescence on MMP3, MMP13 and Collagen II were consistent with Western blotting and
RT-gPCR, which also elucidated the protective effects of engeletin on ECM (Figure 3C and E). In order to further
validate the promoting effects on the synthesis of ECM, high-density culture was performed to simulate the functions of
engeletin on nucleus pulposus in vivo. As shown in Figure 3F and G, engeletin could notably block the TNF-a-induced
loss of ECM.

Engeletin Alleviated TNF-a-Induced Apoptosis of NP Cells

After treating with engeletin and TNF-a for 48h, flow cytometry was used to evaluate the rate of NP cells apoptosis. As
shown in Figure 4A and D, TNF-a stimulation promoted NP cells apoptosis distinctly, while engeletin could reverse such
effects. The anti-apoptotic function of engeletin was further determined using TUNEL assay. Similar results were also
observed in the treatment group (Figure 4B and E). In order to explore the anti-apoptotic molecular mechanism of
engeletin, the expression of apoptosis-related proteins were detected by Western blotting (Figure 4C and F). Engeletin
treatment could inhibit the TNF-a-induced up-regulation of Bax and cleaved-caspase 3, which were pro-apoptotic protein
and apoptosis mediators. Meanwhile, the expression of Bcl-2, an anti-apoptotic protein, was elevated notably.

Engeletin Down-Regulated the TNF-a-Induced NF-xB and MAPK Signaling Pathways
Activation in NP Cells

The NF-kB and MAPK signaling pathways were closely related to inflammation and apoptosis, and many studies have
confirmed the abnormal activation of NF-kB and MAPK pathways are important mechanisms for the beginning and
development of various inflammatory diseases.”> >’ Therefore, we also tested if engeletin mitigated inflammation and
apoptosis through inhibiting NF-kB and MAPK pathways.

After pretreating with engeletin for 2h, TNF-a was added for another 15min. As shown in Figure SA and C, NF-«xB
pathways were activated after stimulating by TNF-o, increasing the phosphorylation of IKKa/B, IkBa and p65, while
pretreating with engeletin obviously inhibited their phosphorylation. As for the MAPK pathways, similar results were
obtained (Figure 5B and D). Engeletin could down-regulated the TNF-a-induced phosphorylation of JNK, ERK and p38,
showing the inhibitory function on the activation of MAPK pathways. The results of immunofluorescence manifested
that engeletin suppressed the phosphorylation and nuclear translocation of p65 and p38 (Figure 5E and F). In general,
engeletin exerted its anti-inflammation and anti-apoptotic effects via inhibiting NF-kB and MAPK pathways.

Engeletin Ameliorated IDD in a Rat Model in vivo

In order to evaluate the therapeutic effects of engeletin in vivo, we constructed a percutaneous needle puncture induced-IDD
model in rat. The results of X-ray showed that the IVD degenerated much severely in the simple surgery group compared with the
control group, manifested by decreased DHI and formation of osteophyte. Meanwhile, the MRI results also revealed that the
signal intensity on T2WI and Pfirrmann grade was much lower in the IDD group than in the control group (Figure 6A and B).
However, the height of IVD and signal intensity on T2WI were partially maintained in the treatment group, demonstrating
engeletin could inhibit the development of IDD to some extent in vivo (Figure 6A and B). The results of H&E, SO-FG and AB
staining showed that the structure of IVD were destroyed seriously in the IDD group, but intradiscal injection of engeletin could
reverse such destruction notably, which further elucidated the therapeutic functions of engeletin in vivo (Figure 6C and E).
Besides, the results of Immunohistochemistry staining for COX2, IL-1, iNOS, MMP3, MMP13 and Collagen II also illustrated
that engeletin could inhibit the expression of inflammatory mediators and catabolic mediators, protecting the ECM from
degrading and promoting the synthesis of ECM (Figure 6G and H). Finally, the TUNEL staining for IVD tissues was conducted
to further confirm the anti-apoptotic effects of engeletin in vivo. The results were consistent with the results in vitro, implying

engeletin could also alleviate NP cells apoptosis in vivo (Figure 6D and F).
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Figure 6 Engeletin ameliorated IDD in a rat model in vivo. (A) The representative X-ray and MRI images of a rat tail after 4 weeks of surgery. (B and C) The disc height
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+ SD. *P <0.05, **P < 0.01, ¥**P<0.001 and ****P<0.0001, n = 3.
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Discussion

Low back pain induced by IDD influences increasing people worldwide, leading to limited activities of daily living and poor life
quality. It is reported that IVD undergoes the degenerative process very early after skeletal maturity, manifested as loss of ECM
and the increasing cell death.®*® Attributing to its specific structure and microenvironment, the IVD is prone to degenerating. As
the largest avascular tissue, the microenvironment of IVD is hostile, implying low nutrition, hypoxia, acidic environment, high
compression loading and so on.>*>° Under such condition, some NP cells will undergo phenotypic changes, manifested as
abnormal production and accumulation of pro-inflammatory factors, such as TNF-o. and IL-1.%'° It is believed that inflamma-
tion is the initial step for IDD. These inflammatory cytokines will lead to the dysfunction of normal NP cells characteristic by up-
regulated expression of inflammatory mediators and pro-catabolic factors, such as MMPs and ADAMTS.* Subsequently, the
inflammatory cytokines will act on other normal NP cells, and pro-catabolic factors will promote the degradation of ECM, leading
to the loss of ECM. More seriously, the matrix degradation production will further induce the production of inflammatory
mediators and resulting in a vicious cycle.*** Therefore, the disturbance of metabolic homeostasis for ECM is the critical step for
the development of IDD. Afterwards, the prominent and consistent inflammation will stimulate the apoptosis and senescence of
NP cells, leading to the functioned NP cells further decreasing.®® Finally, the anabolism of ECM, mainly composed by type II
collagen and aggrecan, is destructed due to the reduced number and dysfunction of NP cells, which is the symbol of irreversible
IDD through the conventional therapy.®® In general, from the perspective of the pathophysiology, it may be a promising
therapeutic strategy for IDD to inhibit the inflammation and catabolism of NP in the early stage.

Flavonoids are a big family of natural polyphenolic compounds, which are widely distributed in the fruits, vegetables
or herbs and mostly possess anti-inflammation, antioxidant or anticancer activities, used to treat many kinds of diseases
for a long history.>”*? As a kind of flavanonol glycosides, engeletin has superior anti-inflammation and antioxidant
functions with little toxicity, but its therapeutic effect for IDD is still unknown up to now. In our studies, NP cells were
stimulated with TNF-a to mimic the inflammatory environment in vitro, followed by incubated with engeletin in the
treatment group. We found that engeletin could ameliorate inflammation, ECM degradation and NP cells apoptosis via
inhibiting NF-kB and MAPK pathways. In the following rat models in vivo, engeletin also exerted its protective effects
for IVD and partially reversed the structural destruction compared with the IDD group.

The degenerated IVD is featured by a higher expression of inflammatory mediators, especially TNF-a and IL-1p,
compared to the normal IVD.*® Meanwhile, there is a positive correlation between the degree of IDD and the expression
of such mediators.* Except for the TNF-a, IL-1f and IL-6, iNOS and COX2 also play an important role in the
development of IDD, as they can mediate the expression of downstream nitric oxide (NO) and prostaglandin E2
(PGE2), which can promote the degradation of ECM.*' In our studies, we confirmed that engeletin could inhibit the
expression of such inflammatory mediators on mRNA and protein levels. Our further studies will validate if engeletin
could also inhibit the secretion of such mediators in vitro and in vivo.

The functioned NP cells decrease was commonly found in the progressive stage of IDD. Our studies confirmed that engeletin
maintained the functioned NP cells via alleviating the TNF-a-induced apoptosis. In order to explore the anti-apoptotic mechanism
of engeletin, we also detected the expression of apoptosis-related proteins. The results indicated engeletin effectively elevated the
expression of Bcl-2, a classical anti-apoptotic protein, and down-regulated the expression of Bax, which is a critical executioner in
apoptosis.** Besides, other researchers have reported engeletin could inhibit the production of ROS and maintain the mitochon-
drial membrane potential in chondrocytes, which may be also an important mechanism for its anti-apoptotic effects, requiring our
further confirming in NP cells in the future.? In addition, our following studies will also focus on if engeletin possesses the effects
on mitigating the senescence of NP cells.

NF-kB and MAPK pathways are closely related to the regulation of inflammation and apoptosis. After stimulating by
inflammatory factors, the p65 and p38 will be phosphorylated and transfer into the nucleus, followed by regulating the
expression of many genes involved in the inflammation and apoptosis. Other studies also confirmed the activation of NF-
kB and MAPK pathways could lead to the production of inflammatory mediators and matrix degrading enzymes in
IVD.* In our study, engeletin successfully blocked the phosphorylation of IKKo/p, IkBa, p65, INK, ERK and p38, then

down-regulated the nucleus translocation of p65 and p38 to exert its protective effects. However, the limitation is that we
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did not find the precise targets of engeletin for the inhibition of NF-kB and MAPK pathways. Based on our available
results, the targets may be in the upstream of IKKo/f and JNK/ERK/p38, which should be further explored.

With the in-depth understanding of the mechanism in IDD, many novel therapeutic strategies for disc regeneration come out,
including cell-based therapy, growth factors treatment, gene therapy, bioactive compound therapy and so on, which are aimed to
increase the cell number and balance the metabolism of ECM.***® In our studies, we validated the therapeutic effects in vivo
through intradiscal injection of engeletin in rat models. However, in clinical practice, the intradiscal injection is not a conventional
route of administration. Therefore, we will test the protective functions of engeletin in vivo via other route of administration in the
following studies, but the effect is not distinct due to the avascular characteristic of [VD.

This study has three limitations. First, the underlying anti-apoptotic mechanism of engeletin is not well explored. In
our studies, although we discovered the expression of apoptosis-related proteins was influenced by engeletin, the specific
target and regulating pathways are still indistinct and further investigation should focus on this point. Second, the rats
used to construct IDD models were pretty young. Generally, the IDD and related low back pain are more prevalent in
elderly persons. Thus, the older rats are more appropriate to explore the therapeutic effects of engeletin towards aging-
related IDD. Third, the in vivo toxicity of engeletin was not definite. The local toxicity towards IVD and systemic
toxicity should be further researched in the following studies.

Conclusion

This article elucidated that engeletin could inhibit the TNF-a-induced up-regulation of inflammatory mediators and NP
cells apoptosis, maintaining the metabolic homeostasis of ECM through blocking the NF-kB and MAPK pathways in
vitro (Figure 7). In addition, we further confirmed that engeletin exerted protective effects in percutaneous needle
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Figure 7 Potential molecular mechanism involved in the therapeutic effects of engeletin for IDD.
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puncture induced-IDD models in vivo. In general, our studies highlight engeletin is a promising drug for the prevention
and treatment of IDD.
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density; WB, Western blotting; RT-qPCR, real-time quantitative PCR; SDS-PAGE, sodium dodecyl sulfate polyacryla-
mide gel electrophoresis; RT, room temperature; DHI, Disc height indexes; MRI, Magnetic Resonance Imaging; T2WI,
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