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Intervertebral disc (IVD) degeneration (IVDD) is a characteristic of the dominating pathological processes of nucleus pulposus
(NP) cell senescence, abnormal synthesis and irregular distribution of extracellular matrix (ECM), and tumor necrosis factor-«
(TNF-«) induced inflammation. Nowadays, IVD acid environment variation which accelerates the pathological processes
mentioned above arouses researchers’ attention. KAN0438757 (KAN) is an effective inhibitor of selective metabolic kinase
phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (PFKFB3) that has both energy metabolism reprogramming and anti-
inflammatory effects. Therefore, a potential therapeutic benefit of KAN lies in its ability to inhibit the development of IVDD.
This study examined in vitro KAN toxicity in NP primary cells (NPPs). Moreover, KAN influenced tumor necrosis factor-«
(TNF-«) induced ECM anabolism and catabolism; the inflammatory signaling pathway activation and the energy metabolism
phenotype were also examined in NPPs. Furthermore, KAN’s therapeutic effect was investigated in vivo using the rat tail disc
puncture model. Phenotypically speaking, the KAN treatment partially rescued the ECM degradation and glycolysis energy
metabolism phenotypes of NPPs induced by TNF-a. In terms of mechanism, KAN inhibited the activation of MAPK and NF-
kB inflammatory signaling pathways induced by TNF-a and reprogramed the energy metabolism. For the therapeutic aspect,
the rat tail disc puncture model demonstrated that KAN has a significant ameliorated effect on the progression of IVDD. To
sum up, our research successfully authenticated the potential therapeutic effect of KAN on IVDD and declaimed its
mechanisms of both novel energy metabolism reprogramming and conventional anti-inflammation effect.

1. Introduction

IVD usually plays an important role in spinal movement. As
a result of IVDD, low back pain and severe spinal disorders,
including lumbar disc herniation and spinal stenosis, are
common [1]. Due to the wide range of morbidity, it has
caused a huge socioeconomic burden and sorely influenced
patients’ quality of life [2]. The NP cell senescence and their
dysfunction on ECM maintenance are considered as an ini-
tial trigger in the pathogenesis of IVDD [3]. The special

physiological composition of hyaline cartilaginous endplates
(CEPs), annulus fibrosus (AF), and NP determines the spe-
cific hypoxic environment of IVD. Therefore, AF rupture
caused hypoxic environment disruption, and subsequent
blood vessels ingrowth and nociceptive nerves [4] are the
vital reasons for accelerated irregular distribution and
abnormal synthesis of ECM and TNF-a-induced inflamma-
tion [5] and the continuous vicious circle of NP cell senes-
cence. Under the circumstances, therapies targeting
inflammation, senescence, and hypoxic microenvironment
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TaBLE 1: Primer pair sequences used in gPCR.

Mouse gene Forward 5" => 3 Reverse 5'=> 3’

MMP3 CCCTGCAACCGTGAAGAAGA GACAGCATCCACCCTTGAGT
MMP7 CCCTGTTCTGCTTTGTGTGTCA GGGGGAGAGTTTTCCAGTCA
MMP9 CCGACTTTTGTGGTCTTCCCC ATGTCTCGCGGCAAGTCTTC
MMPI13 AGAAGTGTGACCCAGCCCTA GGTCACGGGATGGATGTTCA
Aggrecan TGCAGACATTGACGAGTGCC AGAGAGTGTCCGTCAGACCA
B-Actin ACCCGCGAGTACAACCTTC ATGCCGTGTTCAATGGGGTA

loss of NP cells [6-8], no matter by any kind of approaches
such as EVs, cell secretory factors, stem cells, and drugs
[9-11], have been the main assault fortified directions of
researchers in last decades.

However, some emerging but interesting perspectives
have aroused researchers’ attention in the past few years.
One of these hot issues, acid environment variation of
degenerated IVD, similar to hypoxia environment change,
has been demonstrated to influence some processes of IVDD
[12, 13]. Specifically, the glycolytic metabolism phenotype of
NP cells under a hypoxia environment is further aggravated
due to the reduction of glucose and oxygen supply caused by
CEP permeability decrease during IVDD, which enhances
the lactate production and its efflux to ECM [14, 15]. The
descending pH in the environment in turn significantly
induces the catabolic upregulation and anabolic downregu-
lation of acid-sensitive NP cells, resulting in the NP cells’
senescence, ECM imbalance, and degradation [16]. The
long-termed and persistently aggravated environment acidi-
fication not only further influences the CEP permeability
and oxygen balance in hypoxia IVD but also accelerates
the death of NP cells [17], which all contribute to the
TNF-a production and expression of other inflammatory
mediators [18]. Thus, therapies that effectively break this
vicious circle and achieve the treatment of IVDD by regulat-
ing the IVD acidic environment are new directions worthy
of further study.

PFKFB3 is a key glycolysis rate-limiting enzyme. Due to
its strong kinase activity, stabilized expression of PFKFB3
can elevate the rate of glycolysis, thereby promoting the
blood vessel sprouting, affecting tumor angiogenesis [19].
Therefore, targeting PFKFB3 of its effects on glycolysis of
endothelial cells (ECs) during tumor angiogenesis has
become a burgeoning research field in tumor therapy [20,
21]. In addition, the effect of PFKFB3 on endothelial cell gly-
colysis has also been demonstrated to be very important for
pathological hypoxic diseases such as pulmonary hyperten-
sion [22]. Moreover, PFKFB3 inhibitor PFK15 exhibits a sig-
nificant antiosteoporosis effect by repressing inflammation
(NF-xB and MAPK pathways) and blocking glycolysis of
osteoclasts at the same time [23].

KAN is the latest inhibitor of selective metabolic kinase
PFKFB3, more effective than PFK15, that has been identified
as a potential cancer treatment strategy [24]. Therefore,
according to previous research on the effect of PFKFB3 inhi-
bition in ECs and OCs, whether and how KAN ameliorates
IVDD, a hypoxia environment-metabolism dysfunction-NP

cell senescence and death-inflammation vicious cycle patho-
logical process, via inhibiting inflammation and reprogram-
ming of energy metabolism of nucleus pulposus cells is
worth to be explored and revealed.

2. Materials and Methods

2.1. Chemicals and Reagents. The selective metabolic kinase
PFKFB3 inhibitor KAN0438757 (KAN) was purchased from
MCE (CAS: 1451255-59-6, Shanghai, China), dissolved in
dimethyl sulfoxide (DMSO) as a 5mM stock solution, and
stored at —80°C. A final concentration of DMSO less than
0.1% was used to reduce cytotoxicity. Fetal bovine serum
(FBS) and penicillin/streptomycin were bought from Gibco
BRL (Gaithersburg, MD, USA). Minimal essential medium
(DMEM) was bought from Hyclone (Logan, UT, USA).
The Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo Molecular Technology (Japan). The prime script
RT Master Mix kit and TBGreen ® Premix Ex Taq ™ kit were
both obtained from Takara Biotechnology (Otsu, Shiga,
Japan). The XF Cell Mito Stress Test (for OCR) Kit, XF Gly-
colysis Stress Test (for ECAR) Kit, XFe96 FluxPak mini, XF
DMEM Base Medium, XF 1.0M Glucose Solution, 100 mM
XF Pyruvate Solution, and 200 mM XF Glutamine Solution
were obtained from Agilent (Seahorse Bioscience, USA).
The primary antibodies against MMP9, MMP13, and
PFKFB3 were purchased from Abcam (Cambridge, UK).
Primary antibodies including ERK, JNK, p38, phospho-
ERK (Tr202/Tyr204), phospho-]NK (Tr183/Tyr185), phos-
pho-p38, IKKp, phospho-IKKa/f, IxBa, phospho-IxBa,
P65, phospho-P65, and f-actin and the secondary antibody
were purchased from Cell Signaling Technology (CST, Dan-
vers, MA, USA). All the antibodies mentioned except f-
actin are rabbit anti-mouse.

2.2. NP Primary Cell (NPP) Isolation. Pentobarbital sodium
50 mg/kg (body weight) was injected intraperitoneally
into 4-week-old SD rats for euthanasia. After that, the
NP tissues were obtained from the caudal discs (Col-
Co6) and then digested for 2 hours by 0.25% type II
collagenase at 37°C, 21% O,, and 5% CO, incubator.
Then, the mixture was centrifuged, and cells were sepa-
rated, resuspended, and seeded (DMEM with 10% FBS
and 1% penicillin-streptomycin) in a culture plate plac-
ing on 37°C, 21% oxygen, and 5% carbon dioxide
incubator.
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FiGurek 1: Effects of KAN0438757 (KAN) on the cytotoxicity and proliferation of nucleus pulposus primary (NPP) cells in vitro. (a) The
chemical structure of KAN. (b) Cell viability of KAN-treated NPPs was tested by CCK-8 at 24 hours. (c-f) Cell proliferation effect of
NPPs treated by negative control or different concentrations KAN was tested by CCK-8 at 24, 48, 72, and 96 hours. Data are expressed
as mean * SD, n = 4-6. ns: no significance.
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FiGure 2: Continued.
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FiGure 2: KAN0438757 (KAN) alleviated tumor necrosis factor-a- (TNF-a-) induced extracellular matrix (ECM) degradation of nucleus
pulposus primary (NPP) cells both in vitro and in vivo. (a) PFKFB3 expression levels after negative control, TNF-a, TNF-« with 2.5 uM
KAN treatment for 24 hours in NPPs. (b) The gray levels of PFKFB3 were quantified and normalized to f-actin using Image]. n=3. (c)
Expression of the anabolism and catabolism gene matrix metalloproteins (MMPs) 3, 7, 9, and 13 and aggrecan after negative control,
TNF-«, and TNF-a with 2.5 yM KAN treatment for 24 hours in NPPs. n=3. (d) MMP3 and MMP9 expression levels after negative
control, TNF-«, and TNF-« with 2.5 uM KAN treatment for 24 hours in NPPs. (e) The gray levels of MMP3 and MMP9 were quantified
and normalized to f-actin using ImageJ. n = 3. (f) Immunohistochemical staining of MMP3 and MMP 9 expressions. Scale bar = 300 ym.
(g) Alcian blue staining of NP primary cells (P2 generation) on high-density culture after negative control, TNF-«, and TNF-a with
2.5uM KAN treatment for 7 days. Scale bar =2 mm, 400 ym. (h) The integrated optical density (IOD) value was calculated to evaluate
the extracellular matrix (ECM) of NP primary cells after the indicated treatment. n=4. Data are expressed as mean + SD. ns: no
significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

2.3. Cell Counting Kit-8 (CCK-8) Assay. The cell prolifera- ~ M200 Pro multimode microplate reader using a spectro-
tion and toxicity effects of KAN on NPPs were measured  photometer at 450 nm (Tecan Life Sciences, Mannedorf,
using the CCK-8. More specifically, to determine toxicity, = Switzerland).

the NPPs were seeded triplicately into 96-well plates at 8

%107 cells per well in presence of various concentrations  2.4. High-Density Culture. To assess the ECM secretion abil-
of KAN (control (0), 156.25, 312.5, 625, 1250, 2500, and ity effect of KAN, 104l medium micromasses containing
5000nM) and cultured for 24h. As for proliferation, 96-  approximately 1.2 x 10° NPPs were seeded in the middle at
well plates were seeded with NPPs in triplicate at 2x 10> the bottom of a 24-well plate first. Then, the plate was placed
cells per well for 24 hours first. Then, KAN concentrations  ina 37°C, 21% O,, and 5% CO, incubator for 90 min for the
of control, 156.25, 312.5, 625, 1250, 2500, and 5000nM  attachment of NPPs to the bottom. After that, 500 uL of
were added into the wells for 24, 48, 72, and 96 hours. = MEM/F12 medium (2% FBS and 10 ng/mL of Insulin Trans-
Cells were incubated at 37°C for 2 hours with 10uL of ferrin Selenium (ITS)) was added into the plate. The
the CCK-8 reagent after each experimental period. The  medium was changed every two days; These micromasses
optical density values were measured on the Infinite  were stained with Alcian blue at the day 7.
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FiGureg 3: KAN0438757 (KAN) inhibited the NF-«B signaling pathway and subsequent p-P65 nuclear translocation, as well as the MAPK
signaling pathway. (a) The NF-«B signaling pathway protein expression levels after negative control, TNF-«, and TNF-a with 2.5 yM KAN
treatment for 10 and 30 min in NPPs. (b) The MAPK signaling pathway protein expression levels after negative control, TNF-a, and TNF-«
with 2.5 uM KAN treatment for 10 and 30 min in NPPs. (c) The gray levels of p-IKKa/p, p-IkBa, and p-P65 were quantified and normalized
to their respective total protein using Image]. (d) The gray levels of p-ERK, p-JNK, and p-P38 were quantified and normalized to their
respective total protein using ImageJ. (e) Nuclear translocation of p-P65 after negative control, TNF-«, and TNF-a with 2.5 yM KAN
treatment for 15 min, visualized by immunofluorescence. Scale bar =20 yum and 5pym. Data are expressed as mean + SD, n=3. ns: no

significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

2.5. Seahorse Metabolic Flux Analysis. NPPs were plated in
XF-96 cell culture plates at 6 x 103/well (Seahorse Biosci-
ence, USA) for the first 24 hours. Then, the cells were treated
with control, TNF-a, or TNF-a plus 2.5uM KAN for the
next 24 hours. The measurements of oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were
carried out according to standard protocols, and the results
were detected with the Seahorse XF-96 Flux Analyzer (Sea-
horse Bioscience), as previously described [25]. In the OCR
assay, 1.5uM oligomycin, 2.5uM FCCP, rotenone, and
0.5uM antimycin A were used to stimulate cells. In the
EACR assay, 10 mM glucose, 2 yuM oligomycin, and 50 mM
2-DG were used to stimulate cells. Additionally, the OCR
and ECAR changes were used to calculate OXPHOS charac-
teristics as well as glycolysis parameters (as described in Sup-
plementary Figure 1).

2.6. Immunofluorescence Assay. In a 6-well plate, 2 x 10° per
well NPPs was seeded and cultured for 12 hours. After that,
the treatment group was pretreated with the serum-free
DMEM in the presence of 2.5 M KAN for 2 hours; then,
15min 20 ng/mL TNF-« stimulation, 10 min paraformalde-
hyde (4%) fix, and 10 min 0.2% Triton X-PBS permeabiliza-
tion were performed on NPPs. The phospho-p65 primary
antibody (1:200 dilution, Cell Signaling Technology, Dan-
vers, MA, USA) was then incubated with cells overnight at

4°C after 10% goat serum blocking. After three times wash-
ing with PBS on the next day, the cells were incubated at
dark with the Alexa Fluor 594 conjugate anti-rabbit second-
ary antibody for 1 hour (1:500, Cell Signaling Technology,
Danvers, MA, United States). The cell nucleus was shown
by 4',6—diamidino—2—phenylindole (DAPI) after 3 min incu-
bation (Sigma-Aldrich, St. Louis, MO, United States).
Finally, digital fluorescence results were observed, and
images were captured by the Leica fluorescence microscope
(Olympus, Inc., Tokyo, Japan).

2.7. Protein Extraction and Western Blot (WB) Analyses. To
figure out the effect of KAN on the catabolic or anabolic pro-
teins, 3 x 10° cells/well NPPs were cultured in DMEM on 6-
well plates for 24 hours. The NPPs were then treated with
control, TNF-a, or TNF-a plus 2.5uM KAN for 1 day. As
for the effect of KAN on the phosphorylated proteins
(short-time activated), 5 x 10° cells/well NPPs were cultured
in DMEM on 6-well plates for 24 hours. The treatment
group cells were then pretreated with 2.5uM KAN for 2
hours with serum-free DMEM. 2 hours later, 10 and
30min of TNF-a (20ng/mL) stimulation were performed
on the TNF-« group and the treatment group. After that,
RIPA lysis buffer plus phosphatase and protease inhibitors
(1:100 dilution, Roche, Basel, Switzerland) were used to,
respectively, extract total cellular proteins at indicated time



points. According to the standard protocol of the bicincho-
ninic acid protein quantification kit, protein concentrations
were then quantified (Thermo Fisher Scientific, Waltham,
MA, United States). Standard western blot experiments were
performed as previously described [26]. Primary antibodies
(B-actin, 1:1000; ERK, 1:1000; JNK, 1:1000; p38, 1:1000;
IKKp, 1:1000; IxBa, 1:1000; P65, 1:1000; MMP9, 1:1000;
MMP13, 1:1000; PFKFB3, 1:1000; p-JNK, 1:1000; p-ERK,
1:1000; p-p38, 1:1000; p-IKKa/f3, 1:500; p-IxBa, 1:1000;
p-P65, 1:500) incubated overnight at 4°C. Membranes were
extensively washed in TBST for three times on the next day.
The secondary antibody (anti-rabbit or anti-mouse IgG (H
+L; 1:5000 dilution; Cell Signaling Technology, Danvers,
MA, United States)) was subsequently incubated with the
membranes for 1 hour at RT in the dark. Finally, the LI-
COR Odyssey fluorescence imaging system was used to
detect the reactivity (LI-COR Biosciences, Lincoln, NE,
United States), and the Image] software was used to measure
the grey values of each protein (National Institutes of
Health, United States).

2.8. RNA Extraction and Real-Time Quantitative PCR (RT-
qPCR) Analyses. To explore the effect of KAN on catabolic
or anabolic-related genes, 3 x 10° cells/well NPPs were cul-
tured in DMEM on 6-well plates. 24 hours later, the NPPs
were cultured with control, TNF-a, or TNF-« plus 2.5 uM
KAN for 24 hours. Total RNA was extracted using the Axy-
gen RNA Miniprep Kit (Axygen, Union City, CA, USA)
when the culture was completed. The Prime Script RT Mas-
ter Mix kit was then used to reverse transcript the RNA to
cDNA. Standard PCR (RT-qPCR) analyses were then per-
formed as described previously [26]. Using the 2 - AACT
method, relative mRNA expression levels were calculated
and normalized to the S-actin expression. All primer pairs
(Table 1) were designed by NCBI BLAST.

2.9. Histology and Immunohistochemical Staining Analyses.
After 4% paraformaldehyde fixing for 48 hours, IVD tissue
samples were decalcification in the 10% EDTA for 21 days
and then embedded into paraffin blocks. After being sub-
jected to 5 ym thickness histological sectioning, hematoxylin
and eosin (H&E) staining and safranin O-fast green staining
were then processed for histological assessment under stan-
dard laboratory protocols. All sections were captured using
the high-quality microscope (Leica DM4000B). The histo-
logical score was evaluated based on the standard evaluation
of 5 categories of degenerative changes [27]. For immuno-
histochemical evaluation, tissue sections were first dewaxed
by graded xylene and standard alcohol gradients. After
washing with PBS and water, 10% goat serum was used to
block for 30 min at RT. Subsequently, the sections were incu-
bated with the primary antibodies (anti-MMP9 and anti-
MMP13 purchased from Servicebio, Wuhan, China) over-
night at 4°C. The next day, the appropriate horseradish per-
oxidase labeled secondary antibody was incubated with the
sections for 1 hour at RT and then developed with diamino-
benzidine solution. Finally, all sections were captured under
a high-quality microscope (Leica DM4000B).

Oxidative Medicine and Cellular Longevity

2.10. Immunofluorescent Staining Analyses. Slices were proc-
essed of graded xylene deparaffinization, graded alcohol
solution hydration, antigen retrieval, permeabilization, and
blocking before immunofluorescent staining. Then, primary
antibody incubation (anti-interleukin- (IL-) 18 and anti-
collagen 2; dilution 1:100) (Cell Signaling Technology, Dan-
vers, MA, United States; Abcam, Cambridge, United King-
dom), secondary antibody incubation, and nuclear staining
were performed on these slides. The high-quality Leica
DM4000 B epifluorescence microscope (Leica Microsystems
GmbH) was used to observe and photograph the digital fluo-
rescence images, and the ImageJ software was used to mea-
sure the IOD value.

2.11. Image Analysis and Disc Height Index Measurement.
Cabinet X-ray imaging and irradiation systems (Faxitron
Bioptics, LLC, Wheeling, IL, USA) were used to visualize
the X-ray imaging of IVDs. Under identical acquisition
parameters and imaging conditions, digital images were used
to capture at 45kVp. The disc height index of these IVDs
was measured and normalized to sham group [28]. The cal-
culated values were the average of three measurements per
disc.

2.12. Animals and Surgical Procedures. The male Sprague-
Dawley rats (Shanghai Lab, Animal Research Center Co.,
Ltd., China) used in this research were carefully housed
(12h day/night cycle, pathogen-free conditions, 26-28°C,
and 50-65% humidity). When rats were housed to the age
of eight weeks old, pentobarbital sodium (5mg/100g body
weight) was used to anesthetize them by intraperitoneal
injection before surgical procedures. The iodinated polyvi-
nylpyrrolidone was first used for sterilization, and then, a
ventral longitudinal skin incision was made over the tail.
The revealed coccyx vertebrae (Co) 3-7 intervertebral discs
were selected for experiments (the Co3/4 IVDs: sham con-
trols; the Co4/5, Co5/6, and Co6/7 IVDs: a 20-gauge sterile
needle-oriented perpendicular puncture to the skin at the
center of the disc and rotating once to make sure insertion
level through the AF, into the NP). Surgical exposure was
repeated after one week recover under the sutured incision
state, and Co4/5, Co5/6, and Co6/7 IVDs were separately
injected with 50 yuL vehicle, low-dose KAN (2.5uM), and
high-dose KAN (5uM). After incision suture and 4 weeks
of recovery, all experiment rats were sacrificed. The tails
were extracted and cleaned of soft tissues and then fixed in
4% PFA.

All animal experiments were authorized by the Institu-
tional Animal Care and Ethics Committee of the Shanghai
Ninth People’s Hospital, Shanghai Jiaotong University
School of Medicine. All animals were operated in accordance
with the Guidelines for Animal Treatment of Shanghai Jiao-
tong University and the principles and procedures of the
National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals.

2.13. Statistical Analysis. All data were expressed in the form
of mean + standard deviation. The comparison between the
experimental group and the control group was conducted
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FiGure 4: Continued.
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FIGURE 4: Metabolic reprogramming effects of KAN0438757 (KAN) on tumor necrosis factor-a- (TNF-a-) induced metabolism phenotype
of nucleus pulposus primary (NPP) cells in vitro. (a) Normalized OCR of NPPs after negative control, TNF-«, and TNF-« with 2.5 yM KAN
treatment for 24 hours. (b) Normalized ECAR of NPPs after negative control, TNF-«, and TNF-« with 2.5 uM KAN treatment for 24 hours.
(c) Effects of KAN on basal respiration, maximal respiration, and spare respiratory capacity in OCR assay. (d) Effects of KAN on glycolysis,
glycolytic capacity, and glycolytic reserve in ECAR assay. (e) Modified KAN reprogrammed the energy metabolism phenotype of TNF-a-
inducted NPPs. Data are expressed as mean + SD, #n = 3. ns: no significance; *p < 0.05; **p <0.01; ***p < 0.001; ****p < 0.0001.

by the 2-tailed, unpaired Student’s t-test, or one-way
ANOVA with Tukey’s post hoc test. Moreover, significant
differences in ordinal data between study groups were
assessed by the Friedman test with Dunn’s post hoc test. Sta-
tistical significance was calculated to be at no significant
(ns); *p<0.05 **p<0.01; ***p <0.001; ****p < 0.0001. All
results were calculated and analyzed by Prism 8 (GraphPad
Software Inc., San Diego, CA, USA).

3. Results

3.1. Effects of KAN on NPP Cytotoxicity and Proliferation.
The KAN’s chemical structure is presented in Figure 1(a).
To investigate the proliferation and cytotoxicity effects of
KAN on NPPs, the CCK-8 assay was performed under dif-
ferent cell numbers. 8,000/well NPPs were first seeded in
96-well plates and cultured for 24 h with various concentra-
tions of KAN (control (0), 0.15625, 0.3125, 0.625, 1.25, 2.5,
or 5uM) for cytotoxicity analysis, and no cytotoxicity was
found in KAN under the concentration of 5uM
(Figure 1(b)). For proliferation effects, NPPs were seeded
at a density of 2,000/well in 96-well plates and cultured with
various concentrations of KAN (control (0), 0.15625, 0.3125,
0.625, 1.25, 2.5, or 5uM) for 24, 48, 72, and 96 hours. The
number of NPPs with any concentration of KAN has no sig-
nificant variations compared with the control (0) group at
any time point (Figures 1(c)-1(f)). Thus, the KAN has no
effect on the proliferation of NPPs under the concentration
of 5uM. According to the above experiments, 2.5uM of
KAN was selected to be used in subsequent experiments.

3.2. KAN Alleviated TNF-a-Induced ECM Degradation of
NPPs. The inhibitor effect of KAN was firstly identified by
significantly reduced protein expression of PFKFB3 in the
treatment (TNF-a plus KAN) group compared with the
upregulated expression in the TNF-a group (Figures 2(a)
and 2(b)). To further explore KAN’s role on ECM degrada-
tion, the anabolism and catabolism factors of ECM were
detected by RT-qPCR in vitro. After that, the MMP3,
MMP7, MMP9, and MMP13, which are catabolism-related
genes, also partly recovered in mRNA levels after KAN treat-
ment. Meanwhile, the mRNA expression of aggrecan, which
is related to anabolism, also partly reversed in the treatment
group (Figure 2(c)). Furthermore, the similar change in pro-
tein level detected by the WB experiment of MMP9 and
MMP13 in vitro (Figures 2(d) and 2(e)) and the immunobhis-
tochemical staining of MMP9 and MMPI13 in vivo
(Figure 2(f)) further corroborated the results above. More
intuitively, Alcian blue staining was used to reflect the vari-
ation of ECM after TNF-« induction and KAN treatment
in NPPs. As shown in Figures 2(g) and 2(h), the indicated
concentration KAN treatment reversed the ECM loss in
the NPPs high-density culture induced by TNF-a, while no
difference between the KAN alone group compared with
the control group. In general, these results demonstrated
that KAN alleviates TNF-a-induced ECM degradation of
NPPs.

3.3. Effects of KAN on TNF-a-Induced NF-xkB and MAPK
Signaling Pathway and Glycolysis Energy Metabolism
Phenotype in NPPs. As previously reported, PFKFB3 inhibi-
tor PFK15 could memorably repress inflammation (NF-xB
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FiGure 5: KAN0438757 (KAN) ameliorated the progression of intervertebral disc degeneration (IVDD) in a rat tail disc puncture model
in vivo. (a) The rat coccyx vertebrae X-ray images at 4 weeks after treatment from each group. (b) Quantitative analysis of disc height
index (DHI, %) of IVDs in mice at 4 weeks after treatment in each group. n = 6. (c) Hematoxylin and eosin staining and safranin O-fast
green staining of intervertebral discs (IVDs) from each group at 4 weeks after treatment. Scale bar=500um and 200um. (d)
Quantitative analysis of histological scores of IVDs in mice at 4 weeks after treatment in each group. n =6. (e) Interleukin- (IL-) 1 and
Col2al immunofluorescence staining of IVDs from each group at 4 weeks after treatment. Scale bar = 100 ym. (f, g) Quantitative analysis
of IOD (IL-1 and Col2al) of IVDs in mice at 4 weeks after treatment in each group. n=5. Data are expressed as mean + SD. ns: no

significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

and MAPK signaling pathways) and block the glycolysis of
osteoclasts simultaneously [23]. To investigate whether the
underlying mechanisms of the KAN’s effects on anabolism
and catabolism on NPPs were similar to PFK15, NPPs were
firstly pretreated with KAN for 2 hours and then treated
with another 10 or 30 min of TNF-a stimulation. After that,
we observed the classical NF-xB signaling pathway transduc-
tion factor change, including the inhibitor of nuclear factor
kappa B kinase (IKK), an inhibitor of nuclear factor kappa
B (IxB), and NF-«B (p65). As we expected, the IKK, I«B,
and p65 phosphorylation were promoted with TNF-a induc-
tion while reversed after KAN treatment (Figures 3(a) and
3(c)). Moreover, immunofluorescence staining further
showed that subsequent p-p65 nucleus translocation was

also reversed after KAN treatment (Figure 3(e)). Meanwhile,
another important signaling pathway mentioned, the MAPK
signaling pathway, was also explored. Our western blot
experiments demonstrated that the recovery effect of KAN
was similarly observed in the phosphorylation of MAPK sig-
naling pathway proteins, including JNK, p38, and extracellu-
lar signal-regulated kinases (ERKs) (Figures 3(b) and 3(d)).
In a word, these results indicated that KAN could signifi-
cantly reverse the TNF-a-induced NF-«B and MAPK path-
way activation in NPPs.

Furthermore, the potential ability of KAN on NPP
energy metabolism reprogramming was a novel direction
that we totally interested in. Thus, the Seahorse extracellular
flux analysis was performed to detect the OCR and ECAR of



Oxidative Medicine and Cellular Longevity

TNF-«

l\% ‘ \ GLUT
b4 W I KANO0438757 I /
LlLkebE &
N\
\ Glucose
[ S \
e GlucTwP Nucleus
Fructose-6P pliiposus
+ D T cels
Q Fructose-1,6biP
%N o
q‘*%/’ S DHAP 2 GA3P
* ﬁ NAD"
9'4; ‘3,," KNADH/H*
3PG h
; f
Lactate » p M
# Pyruvate
NAD* 'r_\ NADH/H*

Glycolysis metabolism phenotype

Extracellular microenvironment acidification
PH decling

* degeneration

P 4 \

/@) . , —

\’ | /" Lactatef 1EC degra.datlon *ECM degradation LR

g 4| [inflanmation Uil Aggrecan, Collsgenll & 4

Nucleus Promotion NP cells senescence *NP cells senescence & o < g
ulbosus (even death) . : tendety e NI
pulp K . et pulposus
cells I.n'tervertebral disc* ? MMPs, TNF-a, IL-18 cells
B

13

TNF-«

i OH IL-IIA’
s > S
G\“Cose o G OH O -

T '. P MMPs, TNF-q, IL-1B
P
|| A
Aggrecan, Collagen IT \
P \

,l

I

I

I

< b
S - oyt
Y

gl A
7 el pv\\ ‘==’ ~ = v Aggrecan, Collagen IT ¢
{ :

P50

[ e
47" | Degraded v
= IxB KN
Inflammation
phenotype /
Amplificaion of Pro-inflammatory

nfammation mediators release

FIGURE 6: Schematic representation of the molecular mechanism of the article (created with http://BioRender.com).

NPPs according to the instructions (Supplementary
Figure 1). For the OCR assay, oligomycin, a mitochondrial
ATP synthase inhibitor, was first used to block part of
mitochondrial basal respiration and calculate ATP
production. Next, the maximal and spare respiratory
capacity was measured by FCCP via uncoupling
mitochondrial respiration. Finally, the total mitochondria
respiration was inhibited by rotenone and antimycin A and
mitochondrial complexes I and III blocker, to display the
nonmitochondrial oxygen consumption. For the ECAR
analysis, enhanced ECAR value after glucose injection
under the glucose-deficient environment indicated the
glycolysis rate, while the further increase of ECAR value
after injection of oligomycin represented the glycolytic
reserve and the peak ECAR value meant glycolytic
capacity. Similarly, the inhibitor of hexokinase, 2-deoxy-D-
glucose (2-DGQ), totally blocked the glycolysis. Therefore,
our results showed that TNF-« induction decreases the
OCR of NPPs compared to normal conditions. However,
the KAN treatment substantially rescued the OCR
impairment caused by TNF-« induction. Specifically, KAN
treatment reprogrammed the TNF-a-induced glycolysis
energy metabolism phenotype of NPPs by promoting spare
respiratory capacity and maximal respiration (Figures 4(a)
and 4(c)). More obvious in the ECAR assay, TNF-«
induction showed enhanced glycolysis rates and glycolytic
capacity than normal conditions, which were also

prominently suppressed by KAN treatment (Figures 4(b)
and 4(d)). On the whole, all these data indicated that KAN
treatment exactly reprogramed the TNF-a-induced
glycolysis metabolic phenotype on NPPs (Figure 4(e)).

3.4. KAN Ameliorated IVDD Progression in the Puncture
Injury Rat Model In Vivo. To explore the therapeutic poten-
tial of KAN on IVDD in vivo, we established IVDD model
(Co 4-5, Co 5-6, and Co6-7) induced by puncture of rat tail
intervertebral disc, and Co 3-4 was used as the sham operation
group. Different concentrations of KAN were separately
administered one week after injury to Co 5-6 and Co 6-7,
and vehicle was injected to Co 4-5. As shown by 4 weeks” X-
ray detection after treatment, the osteophyte of the vehicle
group was obviously observed more than other groups. More-
over, vehicle group’s disc height index (DHI score) was signif-
icantly lower than the sham group, while the KAN treatment
memorably reversed the IVD height in a dose-dependent
manner (Figures 5(a) and 5(b)). Therefore, KAN could reduce
puncture-induced degeneration from the perspective of rat tail
disc imaging detection. Similarly, the alleviated destruction of
the IVD structure in the KAN treatment groups was also dem-
onstrated by H&E staining and safranin O-fast green staining
and the histological score (Figures 5(c) and 5(d)). Further
immunofluorescence staining for IL-1f3 and Col2al was car-
ried out to detect KAN’s effect on inflammation and degrada-
tion of ECM in vivo (Figures 5(e)-5(g)). Coincidentally, the


http://BioRender.com

14

results corroborated that KAN substantially reverses the
upregulation of IL-1f and the downregulation of Col2al in
the tail disc tissue of rats. To sum up, these results demon-
strated that KAN intervention is a promising potential thera-
peutic strategy for IVDD.

4. Discussion

IVD degeneration (IVDD) is one of the most common rea-
sons for lumbar disc herniation, spinal stenosis, and subse-
quent lower back pain [29], which has imposed a huge
socioeconomic burden. Nowadays, aging, abnormal biome-
chanical loading, acute trauma, decreased nutrient transport
across the CEPs, smoking, genetic predisposition, and
hyperglycemia have been corroborated as participating in
the occurrence and development of IVDD [30]. Although
NP cell senescence, subsequent ECM degradation, and trig-
gered inflammation are considered to be the three main
molecular mechanisms and therapeutic directions of IVDD
[31], additional molecular mechanisms and underlying ther-
apeutic targets of these causes are still unclear and need to be
explored. In the last decade, acid environment change of
IVD caused by aggravated glycolytic metabolism phenotype
during IVDD, similar to hypoxia environment change, has
been proved to participate and accelerate the whole pro-
cesses of IVDD [12-16]. Thus, therapies targeting an
enhanced glycolytic caused IVD acidic environment are a
new direction worthy to be exploited. KAN, an emerging
selective inhibitor of key rate-limiting metabolic kinase
PFKFB3, has been used to treat colorectal cancer and elevate
the efficacy of interstrand crosslink- (ICL-) inducing cancer
therapies due to the function during DNA damage [32, 33].
However, research on the diseases principally influenced by
its glycolysis regulation function is still blank. Moreover,
considering the inhibition effect of PFK15, another PFKFB3
inhibitor, on glycolysis and inflammation (NF-xB and
MAPK pathways) during metabolic bone disease osteoporo-
sis [23], our studies explored the role of KAN on energy
metabolism reprogramming and inflammation in the pro-
cess of IVDD.

Due to the properties of inflammatory cytokines, partic-
ularly interleukin 18 (IL-1f) and tumor necrosis factor-«
(TNF-a), identified as a major risk factors for decreased
NPP activity and extracellular matrix loss (including aggre-
cans) [34], TNF-a-induced NPP dysfunction and ECM deg-
radation were selected to be studied in our present research.
We demonstrated that nontoxic concentration KAN treat-
ment could strongly reverse TNF-a-induced degradation of
ECM. Specifically, after TNF-a induction, the upregulated
MMP family (MMP3, MMP7, MMP9, and MMP13) mRNA
expression related to catabolism [35] and the downregula-
tion of Aggrecan related to anabolism [36] both partly
recovered after KAN treatment. Our next western blot and
immunohistochemical staining experiments of the MMP9
and MMP13 further authenticated the consistent change in
protein level. Furthermore, NPP high-density culture which
could observe the ECM variation more intuitively [37]
showed that KAN treatment reversed the ECM loss after
TNEF-« stimulation. In general, we demonstrated the rescue

Oxidative Medicine and Cellular Longevity

effect of KAN on ECM degradation. The underlying mecha-
nisms were also revealed. Although a lot of signaling path-
ways, such as NF-«B, phosphatidylinositol-3-kinase (PI3K),
MAPK, and Wnt signaling pathways, had been reported to
mediate ECM metabolism or cell apoptosis after inflamma-
tion stimulation in the NPPs [38-41], we mainly focus on
NF-xB and MAPK signaling pathways that were reported
on PFK15 research. According to the report about the deci-
sive role of TNF-a-induced NF-xB signaling pathway activa-
tion and subsequent p-p65 nuclear translocation in the onset
and development of IVDD [42, 43], we performed western
blot and immunofluorescence experiments to identify
whether the above conclusion exists in our research and
the results corroborated the inhibiting effect of KAN on
NF-«B signaling pathway activation and p-p65 nuclear
translocation. Similarly, the repressing effect of KAN on
the MAPK signaling that is important for ECM synthesis
and degradation [44] was also demonstrated by the down-
regulated protein expressions of phosphorylated JNK, ERK,
and p38. Taken together, our studies firstly authenticated
the inhibiting effect of KAN on TNF-a-induced conven-
tional NF-xkB and MAPK signaling pathways to alleviate
the ECM degradation.

A more attractive role of KAN is the potential of repro-
gramming energy metabolism. Acid environment variation
caused by NPPs aggravated glycolytic metabolism pheno-
type during IVDD had been demonstrated to enhance the
lactate production and its efflux to ECM, which promoted
the activation of NLRP3 inflammasome and the NPP extra-
cellular matrix degeneration [45]. The terminal of persistent
environment pH decline was the formation of a consistent
vicious cycle that is environment acidification-
inflammation initiate and ECM degradation-NPP senes-
cence or death, which accelerates every process of IVDD.
Therefore, energy metabolism reprogramming therapies
are extremely valuable. In this research, we explored the
explicit function of KAN treatment on energy metabolism
reprogramming by the Seahorse extracellular flux analysis.
The change of OCR and ECAR demonstrated the obvious
glycolytic metabolism phenotype in TNF-a-induced NPPs.
At the same time, KAN treatment partly reversed the reduc-
tion of spare respiratory capacity and maximal respiration
and the increase of glycolysis rates and glycolytic capacity.
All in all, our studies firstly corroborated KAN’s energy
metabolism reprogramming effect on TNF-a-induced gly-
colysis metabolic phenotype on NPPs.

Finally, we identified the therapeutic potential of KAN
on the rat tail disc puncture-induced IVDD model in vivo.
In our X-ray examination, the reduced DHI score of the
vehicle group was memorably reversed in the high-dose
KAN treatment group. Moreover, our H&E staining and saf-
ranin O-fast green staining showed more closer IVD struc-
ture of KAN treatment groups to the sham group,
compared with the disordered structure of the vehicle group.
Furthermore, immunofluorescence staining results mani-
fested the inflammatory factor repression and ECM reserva-
tion effect of KAN in vivo. To sum up, these results
demonstrated that KAN intervention is a promising poten-
tial therapeutic strategy for IVDD.
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However, as the original research exploring the effect of
KAN on NPPs and IVDD, we still have many limitations.
Firstly, the intermediator between KAN and inflammation
signaling pathways (NF-«B and MAPK) remains to be
revealed, and whether and how KAN influences other sig-
naling pathways, such as PI3K, and Wnt signaling pathway
is still unclear. Secondly, the ER stress [46], acid-sensing
ion channel [45, 47], and transient receptor potential chan-
nel (TRPV4) [48, 49] are all influenced by pH and partici-
pated in the process of IVDD. Whether KAN regulated
one or more of them to exert energy metabolism reprogram-
ming and anti-inflammation effect during IVDD is worthy
to be explored. Thirdly, Li et al. reported that nine cell types
were identified in human normal nucleus pulposus (NNP)
cells and human degenerative nucleus pulposus (DNP) by
single-cell transcriptome sequencing [50]. According to the
effect of PFKFB3 inhibition on ECs and OCs that had been
proved in other research [20, 23], the inhibitory role of
KAN on ECs and macrophages in NP could be partly fore-
casted. However, the research on the KAN effect on T cells,
neutrophils, and different nucleus pulposus subsets is still
blank and remains to be explored to better demonstrate
whether it affects the process of human IVDD and its poten-
tial application value in humans. Moreover, the therapeutic
effect of KAN on IVDD has only been explored and demon-
strated in the rat tail intervertebral disc puncture model,
which is not enough to achieve clinical application before
the other IVDD models on rats, rabbits, and even monkeys
have been authenticated.

5. Conclusion

Anyway, our research successfully demonstrated the poten-
tial therapeutic effect of KAN on IVDD and declaimed its
mechanisms of both novel energy metabolism reprogram-
ming and conventional anti-inflammation effect, which pro-
vided a fresh direction for researchers focusing on the
influence of the IVD environment during the development
of IVDD (Figures 6). Moreover, these results demonstrated
that KAN intervention or PFKFB3 inhibition is a promising
potential therapeutic strategy for IVDD in the future.

Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Ethical Approval

Animal ethics approval was received from the Institutional
Animal Ethics Review Board of Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine
(approval no. SH9H-2019-A718-1).

Conflicts of Interest

The authors have declared that no competing interests exist.

15

Authors’ Contributions

All the studies were guided by Jie Zhao, An Qin, and Hui
Ma. Xiankun Cao, Xin Wang, and Kewei Rong drafted the
manuscript and performed most of the experiments. Kexin
Liu, Xiao Yang, Tangjun Zhou, Pu Zhang, and Jiadong
Guo participated in part of the experiments and data analy-
sis. All authors read and approved the final manuscript.
Xiankun Cao, Xin Wang, and Kewei Rong contributed
equally to this work. Jie Zhao is a lead contact.

Acknowledgments

The work was supported by the National Natural Science
Foundation of China (Grant Nos. 82130073, 92068102,
81772373, and 81871790); the National Infrastructures for
Translational Medicine (Shanghai) Opening Topic (TMSK-
2020-119); the Crossover Fund of Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine
(JYJC202015); and the Shanghai Frontiers Science Center of
Degeneration and Regeneration in Skeletal System.

Supplementary Materials

Supplementary Figure 1: OXPHOS characteristics and gly-
colysis parameter instructions and calculation methods.
(A) OXPHOS characteristic instructions and calculation
methods based on OCR assay. (B) Glycolysis parameter
instructions and calculation methods based on ECAR assay.
(Supplementary Materials)

References

[1] S.Yang, F.Zhang,]. Ma, and W. Ding, “Intervertebral disc age-
ing and degeneration: the antiapoptotic effect of oestrogen,”
Ageing Research Reviews, vol. 57, article 100978, 2020.

[2] S. Chen, M. Chen, X. Wu et al., “Global, regional and national

burden of low back pain 1990-2019: A systematic analysis of

the Global Burden of Disease study 2019,” Journal of Ortho-

paedic Translation, vol. 32, pp. 49-58, 2022.

Y. Zhang, B. Yang, ]. Wang et al., “Cell senescence: a nonnegli-

gible cell state under survival stress in pathology of interverte-

bral disc degeneration,” Oxidative Medicine and Cellular

Longevity, vol. 2020, Article ID 9503562, 12 pages, 2020.

[4] A.J. Freemont, T. E. Peacock, P. Goupille, J. A. Hoyland,
J. O’Brien, and M. I. Jayson, “Nerve ingrowth into diseased
intervertebral disc in chronic back pain,” Lancet, vol. 350,
no. 9072, pp. 178-181, 1997.

[5] A.N.Khan, H. E. Jacobsen, J. Khan et al., “Inflammatory bio-
markers of low back pain and disc degeneration: a review,”
Annals of the New York Academy of Sciences, vol. 1410, no. 1,
pp. 68-84, 2017.

[6] Y. Zhao, C. Qiu, W. Wang et al., “Cortistatin protects against
intervertebral disc degeneration through targeting mitochon-
drial ROS-dependent NLRP3 inflammasome activation,” The-
ranostics, vol. 10, no. 15, pp. 7015-7033, 2020.

[7] E.J.Novais, V. A. Tran, S. N. Johnston et al., “Long-term treat-
ment with senolytic drugs dasatinib and quercetin ameliorates
age-dependent intervertebral disc degeneration in mice,”
Nature Communications, vol. 12, no. 1, p. 5213, 2021.

(3

—


https://downloads.hindawi.com/journals/omcl/2022/7548145.f1.pdf

16

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

Z.Xu,J. Zheng, Y. Zhang et al., “Increased expression of integ-
rin alpha 6 in nucleus pulposus cells in response to high oxy-
gen tension protects against intervertebral  disc
degeneration,” Oxidative Medicine and Cellular Longevity,
vol. 2021, Article ID 8632823, 16 pages, 2021.

Z. Liao, S. Li, S. Lu et al., “Metformin facilitates mesenchymal
stem cell-derived extracellular nanovesicles release and opti-
mizes therapeutic efficacy in intervertebral disc degeneration,”
Biomaterials, vol. 274, article 120850, 2021.

M. S. Muttigi, B. J. Kim, H. Kumar et al., “Efficacy of matrilin-
3-primed adipose-derived mesenchymal stem cell spheroids in
a rabbit model of disc degeneration,” Stem Cell Research ¢
Therapy, vol. 11, no. 1, p. 363, 2020.

D. Hingert, K. Ekstrom, J. Aldridge, R. Crescitelli, and
H. Brisby, “Extracellular vesicles from human mesenchymal
stem cells expedite chondrogenesis in 3D human degenerative
disc cell cultures,” Stem Cell Research ¢ Therapy, vol. 11, no. 1,
p- 323, 2020.

H. T. J. Gilbert, N. Hodson, P. Baird, S. M. Richardson, and
J. A. Hoyland, “Acidic pH promotes intervertebral disc degen-
eration: acid-sensing ion channel -3 as a potential therapeutic
target,” Scientific Reports, vol. 6, no. 1, article 37360, 2016.

J. Liu, H. Tao, H. Wang et al., “Biological behavior of human
nucleus pulposus mesenchymal stem cells in response to
changes in the acidic environment during intervertebral disc
degeneration,” Stem Cells and Development, vol. 26, no. 12,
pp- 901-911, 2017.

A. Malandrino, J. Noailly, and D. Lacroix, “The effect of sus-
tained compression on oxygen metabolic transport in the
intervertebral disc decreases with degenerative changes,” PLoS
Computational Biology, vol. 7, no. 8, article e1002112, 2011.

T. Grunhagen, G. Wilde, D. M. Soukane, S. A. Shirazi-Adl, and
J. P. Urban, “Nutrient supply and intervertebral disc metabo-
lism,” The Journal of Bone and Joint Surgery. American Vol-
ume, vol. 88, Supplement 2, pp. 30-35, 2006.

H. Ohshima and J. P. Urban, “The effect of lactate and pH on
proteoglycan and protein synthesis rates in the intervertebral
disc,” Spine, vol. 17, no. 9, pp. 1079-1082, 1992.

H. A. Horner and J. P. Urban, “2001 Volvo award winner in
basic science studies: effect of nutrient supply on the viability
of cells from the nucleus pulposus of the intervertebral disc,”
Spine, vol. 26, no. 23, pp. 2543-2549, 2001.

M. Postal and S. Appenzeller, “The role of tumor necrosis
factor-alpha (TNF-a) in the pathogenesis of systemic lupus
erythematosus,” Cytokine, vol. 56, no. 3, pp. 537-543, 2011.
K. De Bock, M. Georgiadou, S. Schoors et al, “Role of
PFKFB3-driven glycolysis in vessel sprouting,” Cell, vol. 154,
no. 3, pp. 651-663, 2013.

S. Schoors, K. De Bock, A. R. Cantelmo et al., “Partial and tran-
sient reduction of glycolysis by PFKFB3 blockade reduces
pathological angiogenesis,” Cell Metabolism, vol. 19, no. 1,
pp. 37-48, 2014

E. Doménech, C. Maestre, L. Esteban-Martinez et al., “AMPK
and PFKFB3 mediate glycolysis and survival in response to
mitophagy during mitotic arrest,” Nature Cell Biology,
vol. 17, no. 10, pp. 1304-1316, 2015.

Y. Cao, X. Zhang, L. Wang et al, “PFKFB3-mediated
endothelial glycolysis promotes pulmonary hypertension,”
Proceedings of the National Academy of Sciences of the
United States of America, vol. 116, no. 27, pp. 13394-
13403, 2019.

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

Oxidative Medicine and Cellular Longevity

J. Wang, H. Guan, H. Liu et al., “Inhibition of PFKFB3 sup-
presses osteoclastogenesis and prevents ovariectomy-induced
bone loss,” Journal of Cellular and Molecular Medicine,
vol. 24, no. 3, pp. 2294-2307, 2020.

N. M. S. Gustafsson, K. Fiarnegardh, N. Bonagas et al., “Target-
ing PFKFB3 radiosensitizes cancer cells and suppresses
homologous recombination,” Nature Communications, vol. 9,
no. 1, p. 3872, 2018.

J. Van den Bossche, J. Baardman, and M. P. de Winther, “Met-
abolic characterization of polarized M1 and M2 bone marrow-
derived macrophages using real-time extracellular flux analy-
sis,” Journal of Visualized Experiments, vol. 105, no. 105, 2015.

X. Cao, W. He, K. Rong et al., “DZNep promotes mouse bone
defect healing via enhancing both osteogenesis and osteoclas-
togenesis,” Stem Cell Research & Therapy, vol. 12, no. 1,
p. 605, 2021.

M. L.Ji, H. Jiang, X. J. Zhang et al., “Preclinical development of
a microRNA-based therapy for intervertebral disc degenera-
tion,” Nature Communications, vol. 9, no. 1, p. 5051, 2018.

H. Inoue, S. R. Montgomery, B. Aghdasi et al., “The effect of
bone morphogenetic protein-2 injection at different time
points on intervertebral disk degeneration in a rat tail model,”
Journal of Spinal Disorders ¢ Techniques, vol. 28, no. 1,
pp. E35-E44, 2015.

T. Driscoll, G. Jacklyn, J. Orchard et al., “The global burden of
occupationally related low back pain: estimates from the
Global Burden of Disease 2010 study,” Annals of the Rheu-
matic Diseases, vol. 73, no. 6, pp. 975-981, 2014.

K. Alpantaki, A. Kampouroglou, C. Koutserimpas,
G. Effraimidis, and A. Hadjipavlou, “Diabetes mellitus as a risk
factor for intervertebral disc degeneration: a critical review,”
European Spine Journal, vol. 28, no. 9, pp. 2129-2144, 2019.

C. Feng, H. Liu, M. Yang, Y. Zhang, B. Huang, and Y. Zhou,
“Disc cell senescence in intervertebral disc degeneration:
causes and molecular pathways,” Cell Cycle, vol. 15, no. 13,
pp. 1674-1684, 2016.

T. De Oliveira, T. Goldhardt, M. Edelmann et al., “Effects of
the novel PFKFB3 inhibitor KAN0438757 on colorectal cancer
cells and its systemic toxicity evaluation in vivo,” Cancers
(Basel), vol. 13, no. 5, p. 1011, 2021.

A. H. Ninou, J. Lehto, D. Chioureas et al., “PFKFB3 inhibition
sensitizes DNA crosslinking chemotherapies by suppressing
Fanconi anemia repair,” Cancers (Basel), vol. 13, no. 14,
p. 3604, 2021.

G. Lang, Y. Liu, J. Geries et al., “An intervertebral disc whole
organ culture system to investigate proinflammatory and
degenerative disc disease condition,” Journal of Tissue Engi-
neering and Regenerative Medicine, vol. 12, no. 4, pp. €2051-
€2061, 2018.

S. Roberts, B. Caterson, J. Menage, E. H. Evans, D. C. Jaffray,
and S. M. Eisenstein, “Matrix metalloproteinases and aggreca-
nase,” Spine, vol. 25, no. 23, pp. 3005-3013, 2000.

H. Feng, M. Danfelter, B. Stromqvist, and D. Heinegérd,
“Extracellular matrix in disc degeneration,” The Journal of
Bone and Joint Surgery. American Volume, vol. 88, Supplement
2, pp. 25-29, 2006.

Z. Chen, X. Yang, Y. Zhou et al, “Dehydrocostus lactone
attenuates the senescence of nucleus pulposus cells and ame-
liorates intervertebral disc degeneration via inhibition of
STING-TBK1/NF-«kB and MAPK signaling,” Frontiers in
Pharmacology, vol. 12, article 641098, 2021.



Oxidative Medicine and Cellular Longevity

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

S. Hu, Z. Shao, C. Zhang et al., “Chemerin facilitates interver-
tebral disc degeneration via TLR4 and CMKLRI and activa-
tion of NF-kB signaling pathway,” Aging (Albany NY),
vol. 12, no. 12, pp. 11732-11753, 2020.

K. Sun, J. Zhu, C. Yan et al., “CGRP regulates nucleus pulposus
cell apoptosis and inflammation via the MAPK/NF-«xB signal-
ing pathways during intervertebral disc degeneration,” Oxida-
tive Medicine and Cellular Longevity, vol. 2021, Article ID
2958584, 19 pages, 2021.

Z.Li, K. Zhang, X. Li et al., “Wnt5a suppresses inflammation-
driven intervertebral disc degeneration via a TNF-a/NF-xB-
Whnt5a negative-feedback loop,” Osteoarthritis and Cartilage,
vol. 26, no. 7, pp. 966-977, 2018.

D. Wang, Y. Chen, S. Cao et al., “Cyclic mechanical stretch
ameliorates the degeneration of nucleus pulposus cells through
promoting the ITGA2/PI3K/AKT signaling pathway,” Oxida-
tive Medicine and Cellular Longevity, vol. 2021, Article ID
6699326, 11 pages, 2021.

Y. Sun, P. Leng, M. Song et al., “Piezol activates the NLRP3
inflammasome in nucleus pulposus cell-mediated by Ca2
+/NF-xkB pathway,” International Immunopharmacology,
vol. 85, article 106681, 2020.

F.Ye, Y. Xu, F. Lin, and Z. Zheng, “INF-«a suppresses SHOX2
expression via NF-«B signaling pathway and promotes inter-
vertebral disc degeneration and related pain in a rat model,”
Journal of Orthopaedic Research, vol. 39, no. 8, pp. 1745-
1754, 2021.

J. Ge, Q. Yan, Y. Wang et al., “IL-10 delays the degeneration of
intervertebral discs by suppressing the p38 MAPK signaling
pathway,” Free Radical Biology & Medicine, vol. 147,
pp. 262-270, 2020.

K. Zhao, R. An, Q. Xiang et al., “Acid-sensing ion channels
regulate nucleus pulposus cell inflammation and pyroptosis
via the NLRP3 inflammasome in intervertebral disc degenera-
tion,” Cell Proliferation, vol. 54, no. 1, article 12941, 2021.

Z. Y. Xie, L. Chen, F. Wang et al., “Endoplasmic reticulum
stress is involved in nucleus pulposus degeneration and atten-
uates low pH-induced apoptosis of rat nucleus pulposus cells,”
DNA and Cell Biology, vol. 36, no. 8, pp. 627-637, 2017.

J. Ding, R. Zhang, H. Li et al., “ASIC1 and ASIC3 mediate cel-
lular senescence of human nucleus pulposus mesenchymal
stem cells during intervertebral disc degeneration,” Aging
(Albany NY), vol. 13, no. 7, pp. 10703-10723, 2021.

L. B. Jiang, L. Cao, X. F. Yin et al., “Activation of autophagy via
Ca®"-dependent AMPK/mTOR pathway in rat notochordal
cells is a cellular adaptation under hyperosmotic stress,” Cell
Cycle, vol. 14, no. 6, pp. 867-879, 2015.

J. Z. Bai and J. Lipski, “Differential expression of TRPM2 and
TRPV4 channels and their potential role in oxidative stress-
induced cell death in organotypic hippocampal culture,” Neu-
rotoxicology, vol. 31, no. 2, pp. 204-214, 2010.

Z.1i, D. Ye, L. Dai et al., “Single-cell RNA sequencing reveals
the difference in human normal and degenerative nucleus pul-
posus tissue profiles and cellular interactions,” Frontiers in Cell
and Development Biology, vol. 10, article 910626, 2022.

17



	Specific PFKFB3 Inhibitor Memorably Ameliorates Intervertebral Disc Degeneration via Inhibiting NF-κB and MAPK Signaling Pathway and Reprogramming of Energy Metabolism of Nucleus Pulposus Cells
	1. Introduction
	2. Materials and Methods
	2.1. Chemicals and Reagents
	2.2. NP Primary Cell (NPP) Isolation
	2.3. Cell Counting Kit-8 (CCK-8) Assay
	2.4. High-Density Culture
	2.5. Seahorse Metabolic Flux Analysis
	2.6. Immunofluorescence Assay
	2.7. Protein Extraction and Western Blot (WB) Analyses
	2.8. RNA Extraction and Real-Time Quantitative PCR (RT-qPCR) Analyses
	2.9. Histology and Immunohistochemical Staining Analyses
	2.10. Immunofluorescent Staining Analyses
	2.11. Image Analysis and Disc Height Index Measurement
	2.12. Animals and Surgical Procedures
	2.13. Statistical Analysis

	3. Results
	3.1. Effects of KAN on NPP Cytotoxicity and Proliferation
	3.2. KAN Alleviated TNF-α-Induced ECM Degradation of NPPs
	3.3. Effects of KAN on TNF-α-Induced NF-κB and MAPK Signaling Pathway and Glycolysis Energy Metabolism Phenotype in NPPs
	3.4. KAN Ameliorated IVDD Progression in the Puncture Injury Rat Model In Vivo

	4. Discussion
	5. Conclusion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

