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Abstract
The accumulation of metabolites in the intervertebral disc is considered an important cause of intervertebral disc degen-
eration (IVDD). Lactic acid, which is a metabolite that is produced by cellular anaerobic glycolysis, has been proven to 
be closely associated with IVDD. However, little is known about the role of lactic acid in nucleus pulposus cells (NPCs) 
senescence and oxidative stress. The aim of this study was to investigate the effect of lactic acid on NPCs senescence 
and oxidative stress as well as the underlying mechanism. A puncture-induced disc degeneration (PIDD) model was 
established in rats. Metabolomics analysis revealed that lactic acid levels were significantly increased in degenerated 
intervertebral discs. Elimination of excessive lactic acid using a lactate oxidase (LOx)-overexpressing lentivirus alleviated 
the progression of IVDD. In vitro experiments showed that high concentrations of lactic acid could induce senescence 
and oxidative stress in NPCs. High-throughput RNA sequencing results and bioinformatic analysis demonstrated that 
the induction of NPCs senescence and oxidative stress by lactic acid may be related to the PI3K/Akt signaling pathway. 
Further study verified that high concentrations of lactic acid could induce NPCs senescence and oxidative stress by inter-
acting with Akt and regulating its downstream Akt/p21/p27/cyclin D1 and Akt/Nrf2/HO-1 pathways. Utilizing molecular 
docking, site-directed mutation and microscale thermophoresis assays, we found that lactic acid could regulate Akt kinase 
activity by binding to the Lys39 and Leu52 residues in the PH domain of Akt. These results highlight the involvement of 
lactic acid in NPCs senescence and oxidative stress, and lactic acid may become a novel potential therapeutic target for 
the treatment of IVDD.
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Abbreviations
IVDD  Intervertebral disc degeneration
NPCs  Nucleus pulposus cell
PIDD  Puncture-induced disc degeneration
LOx  Lactate oxidase
RNA-seq  RNA sequencing
PH domain  Pleckstrin homology domain
NP  Nucleus pulposus
SD rat  Sprague Dawley rat
BMI  Body mass index
LVV  Lentiviral vectors
MRI  Magnetic resonance imaging
µCT  Microcomputed tomography
DHI  Disc height index
EDTA  Ethylenediaminetetraacetic acid
HE  Haematoxylin-Eosin
SO & FG  Safranine O-Fast Green
CCK-8  Cell counting kit-8
MMP9  Matrix metalloproteinases 9
MMP13  Matrix metalloproteinases 13
SA-β-gal  Senescence-associated β-galactosidase
MMP  Mitochondrial membrane potential
MDA  Malondialdehyde
TEM  Transmission electron microscopy
FPKM  Fragments mapped
KEGG  Kyoto Encyclopedia of Genes and Genomes
MST  Microscale thermophoresis
BCA  Bicinchoninic acid
SDS‒PAGE  Sodium dodecyl sulfate‒polyacrylamide gel 

electrophoresis
PVDF  Polyvinylidene fluoride membranes
GFP  Green fluorescent protein
LDH  lactate dehydrogenase

Introduction

Intervertebral disc degeneration (IVDD) is an ageing-related 
degenerative disease and the leading cause of low back pain 
and associated disability worldwide, which causes a sub-
stantial burden on health care systems [1, 2]. Intervertebral 
discs lie between two adjacent vertebral bodies, and they 
are composed of 3 discrete components: the nucleus pulpo-
sus (NP), the annulus fibrosus, and the cartilage endplate. 
Intervertebral discs are the largest avascular tissue in the 
whole body, and the oxygen and nutrition supply to this tis-
sue mainly depends on permeation between the NP and the 
cartilage endplate. These anatomical characteristics result in 
a low-oxygen, low-nutrition microenvironment [3, 4] and 
the accumulation of many metabolites [5–8].

Lactic acid is a common metabolic waste that is pro-
duced during cellular anaerobic respiration. Due to the 

hypoxic microenvironment in the intervertebral disc, anaer-
obic glycolysis is the main mechanism of energy supply for 
intervertebral disc cells, especially nucleus pulposus cells 
(NPCs), and it results in the production of a large amount of 
lactic acid [9, 10]. Under normal conditions, the generation, 
transport, and clearance of lactic acid occur in a dynamic 
balance to achieve the maintenance of intracellular pH and 
homeostasis of the intervertebral disc [11, 12]. However, 
under pathological conditions, the concentration of lactic 
acid in the intervertebral disc distinctly rises, especially in 
the centre of the degenerative disc [13, 14]. The concentra-
tion of lactic acid in the degenerate intervertebral disc of 
patients can reach levels 10 times higher than those in the 
plasma [15]. The disruption of glycolysis and the imbalance 
of lactic acid transport and clearance are the main causes of 
lactic acid accumulation in the intervertebral disc [11, 16–
18]. The injection of lactic acid into the intervertebral disc 
of healthy rats elicits degeneration-related symptoms, indi-
cating that lactic acid can directly aggravate IVDD [19, 20].

Although the phenomenon of lactic acid accumulation 
in the intervertebral disc has been widely reported, the 
cell biological mechanisms by which lactic acid results in 
degeneration are still unclear. High concentrations of lactic 
acid can downregulate the expression of extracellular matrix 
glycosaminoglycan and downregulate the expression of 
matrix metalloproteinase 3 [21, 22]. In addition, high con-
centrations of lactic acid have been reported to regulate the 
apoptosis and autophagy of NPCs [23]. A recent study also 
reported that high concentrations of lactic acid can promote 
NLRP3 inflammasome activation and exacerbate inflamma-
tion in NPCs [20]. These phenomena are all relevant mani-
festations of cellular senescence and oxidative stress, which 
are the most crucial changes in cell biology that occur dur-
ing IVDD [24]. However, the effect of lactic acid on NPCs 
senescence and oxidative stress has not been verified. lactic 
acid has been proven to be related to senescence in Dro-
sophila [25]. High concentrations of lactic acid have been 
considered a hallmark of brain senescence [26], and high 
concentrations of lactic acid contribute to the progression of 
Alzheimer’s disease, which is a common degenerative brain 
disease [27, 28]. In addition, lactic acid can induce oxida-
tive stress injury during peripheral axon regeneration and 
arterial calcification [29, 30]. Therefore, we surmise that 
lactic acid may promote the senescence and oxidative stress 
of NPCs to accelerate the progression of IVDD.

To test our hypothesis, primary cultured rat NPCs and a 
puncture-induced disc degeneration rat model were used to 
determine the effect of lactic acid on NPCs. RNA-seq and 
molecular docking were utilized to elucidate the underly-
ing mechanisms. This study is the first to verify the effects 
of lactic acid on NPCs senescence and oxidative stress. 
This study may help to better understand the relationship 
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between lactic acid and NPCs senescence and oxidative 
stress during IVDD and may provide a prospective strategy 
for IVDD treatment.

Materials and methods

Patient information and NP tissue sample collection

In the present study, 24 human NP tissue samples were 
collected from patients who underwent surgery between 
April 2022 and July 2022 at the Department of Orthope-
dics, Xinqiao Hospital, Army Military Medical University. 
According to the Pfirrmann grading criteria (Table S1) and 
MRI examination of patients, Pfirrmann grading was per-
formed for the IVDD degree of patients. Then, 6 patients 
of every grade between Pfirrmann II and V were selected 
to perform the subsequent experiments, including 15 males 
and 9 females aged 18–65 years. Inclusion criteria: Patients 
with lumbar disc herniation or lumbar spinal stenosis; Body 
mass index (BMI) between 18 and 24. Exclusion criteria: 
Patients with diabetes, chronic pulmonary/cardiovascular/
hepatic/kideny diseases, metabolic diseases, hematological 
diseases, lumbar infection, tumor or previous lumbar sur-
gery at the involved level. The details of the patients are 
shown in Table S2.

Collection of normal disc and puncture-induced disc 
degeneration (PIDD) samples

The rats in the normal group did not receive any treatment, 
and the rats in the PIDD group were used to establish a 
caudal disc degeneration model based on previous reports 
[31, 32]. Briefly, the rats were anaesthetized with 2% pen-
tobarbital (50 mg/kg), and carprofen analgesia (5 mg/kg) 
was administered preoperatively. The surgical area was dis-
infected with iodophor, and a no. 20 G needle was vertically 
inserted into the 4 consecutive intervertebral discs between 
coccyx 4 and coccyx 8 with a depth of approximately 5 mm. 
The needle was rotated 360 degrees and held in place for 
30 s. Then, the needle was removed vertically, and the sur-
gical area was disinfected again. Each rat was given anal-
gesics and antibiotics for 3 days for postsurgical care. Four 
weeks after the operation, the rats were effectively anaes-
thetized and killed under analgesia, and the caudal vertebrae 
and intervertebral discs of the rats were collected for subse-
quent experiments.

Cell isolation, culture, and treatment

Rats were effectively anaesthetized and killed under anal-
gesia, and then, the NP tissue was isolated under aseptic 

conditions. According to a previous report [33], the NP 
tissues of rats were mixed and digested with 0.2% type II 
collagenase (C2-BIOC, Sigma‒Aldrich, USA) for approxi-
mately 2 h at 37 °C, followed by centrifugation at 400×g for 
5 min at room temperature. The supernatant was discarded, 
and the sediment was suspended and cultured in DMEM-
F12 (BI, Kibbutz Beit-Haemek, Israel) supplemented with 
10% fetal bovine serum (C04001500, VivaCell, Shanghai, 
China) and 1% penicillin/streptomycin (C0222, Beyotime, 
Shanghai, China). NPCs were placed in a humidified cham-
ber in a 5% CO2–air mixture at 37 °C. The medium was 
changed every 3–4 days. The cells were subcultured when 
they reached a confluence of 80–90%. NPCs from the third 
generation were used throughout the experiments. For lactic 
acid (L6402, Sigma‒Aldrich) treatment, NPCs were treated 
with different concentrations of lactic acid (0, 2, 6, 10 mM) 
for 4 days, and then NPCs were collected for further evalu-
ation and analysis.

Lactic acid content assays

A lactic acid assay kit (BC2235, Solarbio, China) was used to 
measure the lactic acid content in the NPCs. The extraction 
solution was added to 1*10^6 NPCs or 50 mg fresh NP tis-
sue, and then homogenate was extracted using an ultrasonic 
homogenizer (M3000, BioLogics, USA). The homogenate 
was centrifuged to harvest the supernatant. Standards were 
prepared by serial dilution of stock standards. The reaction 
mix was added to each well of the standard and sample. The 
output was measured on a microplate reader at OD 570 nm. 
The concentration of lactic acid in the test samples was cal-
culated as follows: Lactic acid concentration = La/Sv*D. 
La = the amount of lactic acid in the sample well calculated 
from a standard curve (nmol). Sv = volume of sample added 
into the well (µL). D = sample dilution fold.

Metabolomics analysis

Metabolomics analysis was performed by MetWare Bio-
technology Co., Ltd. (Wuhan, China). Four weeks after 
needle-puncture surgery, 6 rats were randomly selected 
from each of the normal group and PIDD group. Fifty mil-
ligrams of NP tissue were taken from each rat, and then 500 
µL of precooled 70% methanol was added to the samples. 
Then, a tissue-grinding pestle (MM400, Retsch) was used 
to grind the tissue samples and the mixture was centrifuged 
at 12,000 r/min for 10 min at 4 °C, and then 300 µL of 
supernatant of each sample was collected. Multiple reaction 
monitoring (MRM) was used for quantitative analysis of 
metabolites. First, the precursor ions of the target metabo-
lites were screened, and then the prerequisite ions were 
rescreened after ionization to exclude the interference of 
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6/7, and Co 7/8 were punctured according to the method 
described above to establish PIDD. Co 4/5 was not operated 
and served as a reference control. A microsyringe (Ham-
ilton, Switzerland) was used to inject lentivirus or normal 
saline into the intervertebral discs of rats in each group. 
Immediately after the puncture, Co 5/6 was injected with 
2 µl of normal saline, Co 6/7 was injected with LVV-IRES-
EGFP (LVV-control, 1 × 109 PFU, diluted in 2 µl of normal 
saline), and Co 7/8 was injected with LVV-LOx-IRES-
EGFP (LVV-LOx, 1 × 109 PFU, diluted in 2 µl of normal 
saline). The surgical areas were disinfected after the injec-
tion was completed. Four weeks after treatment, the rats 
were sacrificed after effective anaesthesia and analgesia, 
and the intervertebral discs of the rats were harvested for 
subsequent experiments.

Magnetic resonance imaging (MRI) analysis

Rats were anaesthetised by inhalation of 4% sevoflurane. 
A magnetic resonance imager (PHILIPS Ingenia 3.0T) was 
used to scan the coccyx of the rats, and the parameters were 
set as follows: TR time: 2000 ms, TE time: 80 ms, incentive 
time: 2, scan time: 3 min 20 s, fat reduction technology: 
SPAIR, scan matrix: frequency encoding 368 and phase 
encoding 288, layer thickness: 2.5 mm, echo chains: 12, and 
spin echo sequence: TSE sequence. Pfirrmann grading of 
rat intervertebral discs was calculated according to the Pfir-
rmann grading criteria (Table S1).

Microcomputed tomography (µCT) analysis

After the rats were effectively anaesthetized, the coccyx of 
the rats was scanned with a µCT scanner (Bruker, SkyScan 
1176) at a source voltage of 90 kV and a current of 160 
µA, and the scanned image pixel was 73 μm. According to 
a previously reported method [31], the length of the inter-
vertebral disc and the adjacent superior and inferior verte-
bral bodies were measured to calculate the disc height index 
(DHI), and the percentage of DHI (DHI%) was calculated 
as post-DHI/0 W-DHI.

Histological analysis of human nucleus pulposus 
tissues and rat caudal intervertebral discs

The human NP tissues removed during surgery were incu-
bated in 4% paraformaldehyde solution (Beyotime) for 
48 h, and then the samples were dehydrated and embedded 
in paraffin and sliced into 6 μm paraffin sections. The caudal 
vertebrae and intervertebral discs of the rats were incubated 
in 4% paraformaldehyde solution (Beyotime) for 48 h and 
then decalcified with 10% ethylenediaminetetraacetic acid 
(EDTA; pH 7.2) for 14 days. The samples were dehydrated 

nontarget ions. After the mass spectrometry data of differ-
ent samples were obtained, the chromatographic peaks of all 
target substances were integrated. Quantitative analysis was 
carried out by the standard curve of metabolites. The data 
acquisition instrument system mainly includes ultra perfor-
mance liquid chromatography (UPLC, ExionLCTM AD) 
and tandem mass spectrometry (MS/MS, OTRAPB6500+). 
Liquid chromatographic conditions included the following: 
column: ACQUITY UPLC BEH Amide column (1.7 μm, 
100 mm x 2.1 mm i.d.); mobile phase: A phase, ultrapure 
water (10 mM acetic acid, 0.3% ammonia); B phase, 90% 
acetonitrile/water (V/V); flow rate: 0.40 mL/min; column 
temperature: 40 °C; sample volume: 2 µL; mobile phase 
gradient: 0-1.2 min A/B is 5:95 (VV), 8 min A/B is 30:70 
(V/V), 9.0–11 min A/B is 50:50 (V/V), and 11.1–15 min 
A/B is 5:95 (V/V). The mass spectrometric conditions 
mainly included an electrospray ionization (ESI) tempera-
ture of 550 °C, a positive ion mode mass voltage of 5500 V, 
a negative ion mode mass voltage of -4500 V, and a curtain 
gas (CUR) of 35 psi. In QTRAP 6500+, each ion pair is 
scanned and detected based on the optimized declustering 
potential (DP) and collision energy (CE).

Construction and verification of the lactate oxidase 
(LOx) overexpression vector

The LOx overexpression lentiviral vector was constructed 
according to previous reports [34]. The gene sequence of 
LOx (GenBank: D50611.1) was optimized by Thermo 
Fisher Scientific Company (Shanghai, China), and then, the 
pCMV-LOx-IRES-EGFP plasmid was constructed based on 
the GV208 plasmid. The pCMV-IRES-EGFP plasmid was 
used as a control, and then, the lentiviral vectors (LVV) 
were packaged in H293T cells after the cotransfection of 
the plasmids to generate LVV-LOx-IRES-EGFP and the 
corresponding control virus LVV-IRES-EGFP. Then, the 
Escherichia coli strain DH5α was used to amplify LVV. The 
above services were provided by GeneChem Gene Com-
pany (Shanghai, China). Next, according to the manufac-
turer’s instructions, we selected an MOI of 20 to transfect 
lentiviral vectors into NPCs. The fluorescence intensity of 
green fluorescent protein (GFP) was observed and the rela-
tive level of LOx was observed by Western blotting to deter-
mine the virus transfection effect.

Lentivirus treatment of PIDD rats

Six healthy male SD rats aged 8 weeks were randomly 
selected for the animal experiments. Four consecutive 
intervertebral discs between coccyx 4 and coccyx 8 were 
selected for the experiments. After the rats were effectively 
anaesthetized with 2% pentobarbital (50 mg/kg), Co 5/6, Co 
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EdU staining assay

Cell proliferation activity was measured using an EdU555 
assay kit (C0075S, Beyotime). NPCs were seeded into 
6-well plates at a density of 2 × 105 cells per well. After 
treatment with different concentrations of lactic acid, 2 ml 
of 10 µM EdU reagent was added to each well of NPCs 
and incubated for 2 h. The cells were fixed at room tem-
perature for 15 min with 2 ml of 4% paraformaldehyde. Two 
milliliters of immunostaining strong permeability solution 
(P0097, Beyotime) were added to each well and incubated 
for 15 min. Two milliliters of click additive solution were 
added to each well and incubated for 30 min at room tem-
perature (in the dark). The nuclei were stained with Hoechst 
33,258 solution (C0021, Solarbio, Beijing, China). Immu-
nofluorescence staining images were captured by a fluores-
cence microscope (IX73, Olympus, Tokyo, Japan).

Cell cycle assay

The effect of lactic acid on the cell cycle of NPCs was eval-
uated using PI/RNase staining buffer (550,825, BD) as well 
as a FITC-labeled Ki67 antibody (11,882 S, CST). Briefly, 
NPCs were seeded into T25 cell culture flasks at a density of 
4 × 105 cells. The NPCs were treated with different concen-
trations of lactic acid when they reached 70% confluence. 
The cells were then fixed in precooled 70% ethanol for 24 h 
at -20 ℃ after collection in centrifuge tubes and centrifuged 
at 400×g for 5 min at 4 °C. The supernatants were discarded, 
and the cells were mixed with Ki67 (1:50 dilution in PBS). 
After 1 h of incubation in the dark, the cells were incubated 
with PI/RNase staining buffer for 15 min. Cell cycle pro-
gression was analysed by flow cytometry.

Senescence-associated β-galactosidase (SA-β-gal) 
staining assay

A SA-β-gal Staining kit (C0602, Beyotime) was used to 
assess the effect of lactic acid on NPCs senescence. The 
cells were seeded into 6-well plates at a density of 2 × 105 
cells per well. The NPCs were treated with different concen-
trations of lactic acid, and 1 ml of SA-β-gal was added to the 
plates and incubated overnight in a CO2-free environment at 
37 °C. Five fields were randomly captured to calculate the 
number of SA-β-gal-positive NPCs.

Reactive oxygen species (ROS) level assay

The ROS content in NPCs was measured using an ROS 
assay kit (CA1410, Solarbio). NPCs were seeded into 
6-well plates at a density of 2 × 105 cells per well, and the 
NPCs were treated with different concentrations of lactic 

and embedded in paraffin and then sliced into 6 μm paraffin 
sections. The prepared sections were stained using a Hae-
matoxylin-Eosin (HE) Staining Kit (G1120, Solarbio) and a 
Modified Safranine O-Fast Green (SO & FG) Staining Kit 
(G1371, Solarbio) according to the manufacturer’s instruc-
tions, and then, the sections were fixed with neutral resin 
and observed by an optical microscope (BX53, OLYM-
PUS). The histology grading of the rat intervertebral discs 
was calculated according to the histological grading criteria 
of disc degeneration [35].

Immunofluorescence staining assay

Cell samples: NPCs were seeded in 6-well plates or confo-
cal dishes, and after receiving different treatments, the cells 
were fixed with 4% paraformaldehyde, permeabilized with 
immunostaining permeabilizer (P0097, Beyotime), and 
blocked with QuickBlock immunostaining blocking solution 
(P0260, Beyotime). Then, the primary antibody was added 
and incubated overnight at 4 °C. A fluorescently labeled sec-
ondary antibody was added to the sample. Then, the results 
were visualized using fluorescence or confocal microscopy 
(LSM880, ZEISS, Germany). The mean fluorescence inten-
sity of the samples was quantified using ImageJ (National 
Institute of Health, USA). Information about the antibodies 
used in the experiments is provided in Table S3.

Tissue samples: Tissue sections were prepared as pre-
viously described. The sections were deparaffinized with 
xylene and rehydrated with graded ethanol solutions, fol-
lowed by antigen retrieval with sodium citrate-EDTA anti-
gen retrieval solution (P0086, Beyotime). The sections 
were permeabilized, blocked, and incubated with primary 
antibodies overnight at 4 °C. Then, the sections were incu-
bated with fluorescently labeled secondary antibodies. The 
fluorescence staining results were obtained using a confocal 
microscope. ImageJ was used to quantify the fluorescence 
intensities. Information about the antibodies used in the 
experiments is provided in Table S3.

Cell counting Kit-8 (CCK-8) assay

A cell counting kit-8 (C0038, Beyotime) was used to deter-
mine the effect of lactic acid on NPCs proliferation. NPCs 
were seeded into 96-well plates at a density of 2 × 103 cells. 
Then, lactic acid was added to the plates and incubated at 
concentrations of 2, 6, and 10 mM. After changing to fresh 
complete medium, 10 µl of CCK-8 reagent was added to 
each well and incubated at 37 °C for 2 h. A spectrophotom-
eter (M2, MOLECULAR, USA) was used to measure the 
optical density (OD) values at a wavelength of 450 nm at 1, 
2, 3, and 4 days.

1 3

Page 5 of 25    24 



Y. Zhang et al.

solution and 2.6% lead citrate. The stained sections were 
observed under a TEM (HT7800, Hitachi, Tokyo).

RNA sequencing and data analysis

NPCs were harvested after 4 days of treatment with lactic 
acid at a concentration of 10 mM. RNA sequencing analysis 
was performed by Bioguoke Biotechnology Co., Ltd. (Bei-
jing, China). Total RNA was extracted from the samples on 
ice using TRIzol (15,596,018, Thermo Fisher, Wilmington, 
DE). The RNA concentration and purity were measured 
using a NanoDrop 2000 (Thermo Fisher). RNA integrity 
was assessed using the RNA nano 6000 assay kit of the 
Agilent Bioanalyzer 2100 system (Agilent Technologies, 
CA, USA). A cDNA library was constructed, and the library 
quality was assessed using the Agilent Bioanalyzer 2100 
system. The Illumina NovaSeq platform was used for RNA 
sequencing. Clean data were obtained by removing reads 
containing adapters, poly-N and low-quality reads from the 
raw data. Transcripts were reconstructed using StringTie, 
and HISAT2 tools software was used to map the clean data 
to the reference Rattus norvegicus genome. Gene expres-
sion levels were estimated based on fragments per kilobase 
of transcript per million fragments mapped (FPKM). Dif-
ferential expression analysis of the 2 groups was performed 
using the DESeq R package (1.10.1). The corrected p value 
(FDR < 0.05) and |log2foldchange| (|FPKM| ≥ 1) were used 
as the thresholds to identify significantly differential expres-
sion. KEGG pathway enrichment analysis was performed 
using KOBAS software (KOBAS, Surrey, UK).

Reverse transcription-quantitative PCR (RT-qPCR) 
analysis

After treatment with lactic acid (10 mM) for 4 days, NPCs 
were washed 3 times with PBS and then treated with TRIzol 
(9109, Takara, Japan) on ice to extract total RNA from cells. 
The quality and quantity of RNA were analysed by a Nano-
Drop spectrophotometer (ND-1000, Thermo Scientific, 
USA). According to the manufacturer’s protocols, a Prime-
Script RT reagent kit (RR047A, Takara) was used for RNA 
reverse transcription, and a Premix Ex Taq II Kit (RR390A, 
Takara) was used for amplification and detection of the 
relative mRNA expression of target genes with the ViiA 
7 RealTime PCR System (Thermo Scientific). The primer 
sequences are presented in Table S5. β-actin was used to 
normalize target gene mRNA and relative mRNA expres-
sion was calculated using the 2−ΔΔCt calculation method.

acid. Two milliliters of 10 µM DCFH-DA probe (diluted 
in serum-free medium) were added to each well and incu-
bated at 37 °C for 20 min in the dark. The unbound probe 
was removed with PBS, the cells were harvested and resus-
pended in PBS in the dark, and the ROS content was mea-
sured by flow cytometry.

Measurement of mitochondrial membrane potential 
(MMP)

MitoTracker Red CMXRos (C1049B, Beyotime), a mito-
chondrial red fluorescent probe, is a cell permeable 
X-rosamine derivative that can specifically label bioac-
tive mitochondria in cells and detect MMP [36]. We used 
it to measure the MMP to assess mitochondrial function in 
NPCs. Cells were seeded in confocal dishes and treated with 
different concentrations of lactic acid. Then 1 ml of Mito-
Tracker Red CMXRos working solution was added to each 
dish and incubated at 37 °C for 30 min in the dark. The 
nuclei were stained with Hoechst 33,258 (1:1000, diluted 
in PBS). The fluorescence intensity in the different groups 
was observed using a laser confocal microscope (LSM880).

Malondialdehyde (MDA) measurement

MDA, a reactive aldehyde that is a byproduct of lipid per-
oxidation caused by ROS, is considered a marker of oxida-
tive stress [37]. An MDA assay kit (S0121, Beyotime) was 
used to measure the MDA content in NPCs. Lysis buffer was 
added to the cell samples, and the samples were centrifuged 
at 12,000 × g for 10 min to extract cellular proteins. TBA 
detection solution was added to the supernatants, and then, 
the absorbance at 532 nm was measured using a spectropho-
tometer. The MDA content of each sample was calculated 
according to the standard curve, and then, the protein con-
tent of the sample was determined by the BCA method. All 
the experiments were normalized by the protein content of 
each sample.

Transmission electron microscopy (TEM)

NPCs treated with different concentrations of lactic acid 
were digested with trypsin and collected in a centrifuge 
tube. TEM fixative solution (G1102, Servicebio, Wuhan 
China) was added to the samples. The cell pellets were iso-
lated from the bottom of the centrifuge tubes, resuspended in 
fixative solution and then fixed at 4 °C in the dark for 24 h. 
The samples were dehydrated with gradient concentrations 
of acetone, and osmotic embedding medium was added. The 
samples were cut into sections with a thickness of 60 nm 
and then stained with 2% uranium acetate saturated alcohol 
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China). Purified AktWT, AktK39A, AktL52A, and AktK39A,L52A 
were labeled with the NT-647-NHS (Thermo Fisher) fluo-
rescent probe for 30 min at room temperature in the dark. 
Then, lactic acid was serially diluted in reaction buffer (50 
mM HEPES buffer, pH = 7.4, containing 0.05% Tween 20). 
Next, 100 nM labeled Akt was added to the serial dilution. 
After incubation for 30 min at room temperature, the com-
pounds were examined with a Monolith NT.115 instrument 
(NanoTemper). Experiments were performed in triplicate, 
and the Kd value was determined using Monolith software 
(NanoTemper).

Western blotting

Rat nucleus pulposus tissues or NPCs were lysed using 
RIPA lysis buffer (R0010, Solarbio) supplemented with 1% 
PMSF (P0100, Solarbio) and then centrifuged at 12,000 × 
g for 5 min at 4 °C. A bicinchoninic acid (BCA) assay kit 
(P0010s, Beyotime) was used to measure the protein con-
centration. Loading buffer (P1040, Solarbio) was added 
to the samples, and the samples were placed in a boiling 
water bath for 5 min. Sodium dodecyl sulfate‒polyacryl-
amide gel electrophoresis (SDS‒PAGE) technology was 
used to separate the proteins of different molecular weights 
in the samples, and then, the proteins were transferred to 
polyvinylidene fluoride membranes (PVDF; Merck, Ger-
many). After blocking the membranes with QuickBlock 
Western blocking solution (P0252, Beyotime), antibod-
ies were incubated with the membranes overnight at 4 °C. 
TBST was used to wash off the unbound antibodies, and 
the membranes were incubated with the secondary antibod-
ies of the corresponding species. The bands were imaged 
using an ECL assay kit (1,705,060, Bio-Rad, CA, USA) and 
a ChemiDoc imaging system (Bio-Rad). ImageJ software 
was used to measure and analyse the gray value of the strip. 
The relative expression of the proteins was normalized to 
that of β-actin. The antibodies used in this experiment are 
shown in supplementary material Table S3.

Extraction of cytoplasmic and nuclear proteins

Proteins were extracted from NPCs using a nuclear and 
cytoplasmic protein extraction kit (P0028, Beyotime). A 
cell scraper was used to scrape the NPCs, which were then 
coincubated with PMSF-supplemented cytoplasmic protein 
extraction reagent A for 10 min on ice and coincubated with 
cytoplasmic protein extraction reagent B for 1 min on ice. 
The mixtures were centrifuged at 12,000 × g at 4 °C for 
5 min. The supernatants were aspirated and considered the 
cytoplasmic protein. The precipitates were coincubated with 
PMSF-supplemented nuclear protein extraction reagent 
and collected in an ice bath for 30 min. The mixtures were 

Akt kinase activity assay

Akt activity was measured using an Akt kinase activity 
assay kit (ab139436, Abcam, China). NPCs were lysed 
using cell lysis buffer supplemented with PMSF and phos-
phatase inhibitors, and the protein concentration of each 
sample was measured by the BCA method. The cell lysates 
were centrifuged at 12,000 × g for 10 min at 4 °C, and then, 
the supernatants were diluted to 30 µl according to the 
instructions. Each sample contained 2 mg of total protein. 
A spectrophotometer was used to measure the OD value at 
450 nm, and then, the standard curve and Akt kinase activ-
ity for each sample were calculated. The data from all the 
samples were normalized using the Akt kinase activity of 
the control group (0 mM lactic acid).

Site-directed mutation of Akt and purification of 
mutant protein

The experimental design of site-directed mutation and sub-
sequent lactic acid-Akt binding assay processes were ref-
erenced from previous studies [38]. The construction of 
mutant plasmids (AktWT, AktK39A, AktL52A and AktK39A, 

L52A) and shRNA and purification of mutant proteins were 
performed by Tsingke Biotech Co., Ltd. (Beijing, China). 
Akt-shRNA hairpins (Sequence: GGACGGGCACATCAA-
GATAAC) or Ctrl-shRNA was cloned and inserted into 
the lentiviral vector pLk0.1-U6-ShRNA-Puro. Lentiviral 
shRNA was produced by transfecting the shRNA, envelope, 
and packaging vectors into 293T cells. NPCs was trans-
fected with lentiviral shRNA to obtain Akt-downregulated 
NPCs. Akt-downregulated NPCs were then transfected 
with AktWT, AktK39A, AktL52A, or AktK39A, L52A pGEX-4T2 
mutant plasmids to achieve site-directed mutation of Akt. 
To achieve the purification of mutant Akt, the pGEX-4T2 
plasmid expressing N-terminal GST-tagged AktWT, AktK39A, 
AktL52A, or AktK39A, L52A was transformed into BL21-
CodonPlus (DE3)-RIL cells, and 300 µM isopropyl β-D-
thiogalactopyranoside (IPTG) was added to induce protein 
production when the bacterial culture was grown to a 600 nm 
optical density (OD600) of approximately 0.6. Cells were 
lysed after centrifugation and the supernatant was collected. 
Purification of GST-tagged mutant proteins was performed 
after Ni-affinity chromatography, ion-exchange chromatog-
raphy, and gel filtration. The GST tag was cut with PreScis-
sion Protease to obtain AktWT, AktK39A, AktL52A or AktK39A, 

L52A mutant proteins.

Microscale thermophoresis (MST) assay

The Kd value of the binding of lactic acid to different kinds 
of Akt was measured by Topscience Co. Ltd (Shanghai, 
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(Fig. 1C). Furthermore, animal experiments were designed 
to investigate the relationship between IVDD and lactic acid 
content (Fig. 1D). The Pfirrmann grade of the caudal inter-
vertebral discs of the PIDD group was significantly higher 
than that of the sham group (Fig. 1E-F), and the histological 
scores were significantly elevated compared with those of 
the normal group (Fig. 1G-H), indicating the establishment 
of experimental IVDD. During IVDD, there are degenera-
tion and senescence-related anabolic and catabolic disor-
ders of the extracellular matrix in nucleus pulposus tissue, 
manifested by the degradation of collagen II and accumu-
lation of matrix metalloproteinases such as matrix metal-
loproteinases 9 (MMP9) and matrix metalloproteinases 13 
(MMP13) [43–45]. Western blotting results showed that 
compared with the normal group, the expression levels of 
MMP9 and MMP13 were significantly increased, while the 
expression level of collagen II was significantly decreased 
in the PIDD group (Fig. 1I-J). The lactic acid levels in the 
PIDD discs were significantly higher than those in the nor-
mal group (Fig. 1K). Metabolomics analysis was performed 
in the NP tissues of normal rats and PIDD rats, and the dif-
ferentially abundant metabolites identified under the condi-
tion of Log2FC > 1 (the logarithm of the difference fold was 
taken as base 2) are shown in Fig. 1L. The results showed 
that the lactic acid content was significantly increased in the 
PIDD group (Fig. 1M). The mass spectrum of the lactic acid 
content in each sample is shown in Fig. S1.

LOx overexpression can alleviate PIDD in rats

The flow chart of the in vivo experiment is shown in Fig. 
2A. LOx is a bacterial enzyme that irreversibly converts 
lactic acid to pyruvate [46]. Immunofluorescence showed 
high expression of GFP in the LVV-control group and LVV-
LOx group (Fig. S2A), and western blotting showed that 
LOx expression in the LVV-LOx group was significantly 
higher than that in the other groups (Fig. S2B), indicating 
that LVV-LOx had been successfully transfected into the 
cells in the intervertebral disc. The lactic acid content of the 
NP tissue in the LVV-LOx group was higher than that in the 
saline group (Fig. S2C), indicating the successful elimina-
tion of lactic acid in the intervertebral disc by LOx. The 
MRI results showed that the Pfirrmann grades of the LVV-
LOx group were significantly lower than those of the saline 
groups (Fig. 2B-C). µCT results showed that the LVV-LOx 
group had a higher DHI% after treatment than the saline 
group (Fig. 2D-E). Histological staining showed that the 
structure of the annulus fibrosus in the saline group and the 
LVV-control group was disordered, and the NP tissue and 
the height of the intervertebral space were reduced; how-
ever, the structure of the annulus fibrosus in the LVV-LOx 
group was more well aligned, the NP was more complete, 

centrifuged at 12,000 × g at 4 °C for 5 min. The superna-
tants were aspirated, and these supernatants were consid-
ered nuclear proteins.

Molecular docking

The two-dimensional structure of lactic acid was down-
loaded from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/) [39] and saved in “SDF” format. Chem 3D 
was used to convert the “SDF” format to mol2 structures as 
small molecule ligands. The rat Akt (ID: P47196) protein 
structure was retrieved from the UniProt database (https://
www.uniprot.org/) [40]. Water molecules were removed 
using PyMOL 2.3.6 software, and the original ligand was 
isolated from the core target protein. The processed pro-
tein targets were imported into AutoDock 4.2.0 software 
[41] for hydrogenation, calculation of total charge and set-
ting of atom types. Molecular docking was performed with 
AutoDock-Vina1.1.2 software [42] to assess the affinity of 
the receptor‒ligand complexes, and a comprehensive score 
was provided. PyMOL was used to visualize the docking 
patterns as 3D structures. The docking effect was evaluated 
according to its affinity value.

Statistical analysis

The results are presented as the mean ± standard deviation 
(SD). Each experimental result was calculated from three 
biological replicates in technical triplicates. Statistical com-
parisons between groups were performed using unpaired 
Student’s t tests, and statistical comparisons among multiple 
groups were performed using one-way analysis of variance 
(ANOVA) or two-way repeated-measures ANOVA. p < 0.05 
was considered statistically significant. GraphPad Prism 8.0 
was used for statistical analysis and plotting histograms.

Results

Lactic acid accumulation in degenerated 
intervertebral discs

Nucleus pulposus tissues from patients with different Pfir-
rmann grades were collected and we found that the texture 
of nucleus pulposus tissue became coarse and lusterless in 
the severely degenerated intervertebral disc (Fig. 1A). HE 
staining showed that the amount of NPCs in the severely 
degenerated intervertebral disc was significantly reduced 
(Fig. 1B). The lactic acid content in nucleus pulposus tissues 
of patients with severe intervertebral disc degeneration (Pfir-
rmann IV/V) was significantly higher than that of patients 
with mild intervertebral disc degeneration (Pfirrmann II/III) 
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Lactic acid inhibits NPCs proliferation and promotes 
NPCs senescence

The intracellular lactic acid content in NPCs was measured 
after treatment with different concentrations of exogenous 
lactic acid (2, 6, or 10 mM). We found that the lactic acid 
content in NPCs gradually increased with increasing lac-
tic acid concentration (Fig. 3A). The CCK8 experiment 
showed that the OD value decreased significantly after treat-
ment with 6 mM and 10 mM lactic acid for 2 d and above 
(Fig. 3B). Lactic acid treatment for 4 days was selected as 

the height of the intervertebral space was improved and the 
histological score was significantly lower than that in the 
saline groups (Fig. 2F-G). Western blotting results showed 
that compared with those in the saline group, the expression 
levels of MMP9 and MMP13 were significantly decreased, 
and the expression level of collagen II was significantly 
increased in the LVV-LOx group (Fig. 2H-I).

Fig. 1 Lactic acid accumulation in degenerative discs. (A) Magnetic 
resonance imaging of patients with different Pfirrmann grades and 
the morphology of the nucleus pulposus tissue removed during sur-
gery. (B) HE staining of nucleus pulposus tissues from people with 
different degrees of degeneration. Red arrows indicate human NPCs 
(scale bar = 500 μm). (C) Measurement of lactic acid content in human 
NP tissues with different degrees of degeneration using a lactic acid 
detection kit (n = 12). (D) Flow chart and timeline of in vivo experi-
ments. (E-F) MRI detection and Pfirrmann grades of rats after dif-
ferent treatments (n = 9). (G-H) HE staining, SO&FG staining, and 

histological scores of the intervertebral disc in different groups (scale 
bar = 500 μm; n = 6). (I-J) Western blotting analysis showing colla-
gen II, MMP9 and MMP13 expression in the nucleus pulposus of the 
normal and PIDD groups and quantification of the results. (K) Mea-
surement of lactic acid content in rat NP tissues of normal rats and 
rats with PIDD using a lactic acid detection kit (n = 6). (L) Heatmap 
of differentially abundant metabolites in the NP tissues of normal rats 
and rats with PIDD. (M) Metabolomics detection of lactic acid content 
in the NP tissue of normal rats and rats with PIDD (n = 6). *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001
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showed that compared with those in the control group, the 
expression levels of MMP9 and MMP13 were significantly 
decreased, and the expression level of collagen II was sig-
nificantly increased in the 6 mM and 10 mM lactic acid-
treated groups (Fig. 3K-L).

Furthermore, LOx was successfully expressed in NPCs 
(Fig. S3A-B). When exogenous lactic acid was added, LOx 
overexpression effectively reduced the lactic acid content in 
NPCs (Fig. S3C). Compared to the LVV-control group, LOx 
overexpression could significantly increase the percentage 
of EdU-positive NPCs (Fig. S3D-E). In addition, the number 
of cells in the G0 phase was significantly decreased in the 
LOx overexpression groups (Fig. S3F-G). Furthermore, the 
number of β-galactosidase-positive cells was significantly 

the experimental condition in the subsequent experiment. 
The EdU experiment showed that 6 mM and 10 mM lactic 
acid treatment could significantly reduce the percentage of 
EdU-positive NPCs compared to the control group (Fig. 3C-
D). Flow cytometry results showed that the number of cells 
in the G0 phase was significantly increased in the 6 mM and 
10 mM groups compared with the control group (Fig. 3E-
F). γ-H2AX is located in cell nuclei and is considered to be 
a typical marker of DNA double-strand breaks [7, 47]. The 
γ-H2AX staining results showed that NPCs in the 6 mM 
and 10 mM groups exhibited more severe DNA damage 
(Fig. 3G-H). The SA-β-galactosidase assay results showed 
that the number of β-galactosidase-positive cells was signif-
icantly increased in the 6 mM and 10 mM groups compared 
to the control group (Fig. 3I-J). Western blotting results 

Fig. 2 Reduced degree of IVDD after eliminating lactic acid. (A) 
Flow chart and timeline of in vivo experiments. (B-C) MRI detection 
and Pfirrmann grades of rats after different treatments (n = 6). (D-E) 
Changes in the DHI% were evaluated by µCT detection (n = 6). (F-G) 
HE staining, SO&FG staining, and histological scores of the interver-

tebral disc in different groups (scale bar = 500 μm. n = 3). (H-I) West-
ern blotting analysis showing collagen II, MMP9 and MMP13 expres-
sion in different groups and quantification of the results. *p < 0.05; 
**p < 0.01; ****p < 0.0001; ns represents no statistical significance
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Fig. 3 High concentrations of lactic acid inhibited NPCs proliferation. 
(A) Measurement of lactic acid content in NPCs using a lactic acid 
detection kit (n = 3). (B) The effect of different concentrations or treat-
ment times of lactic acid on the proliferation of NPCs as determined 
by CCK-8 assay (n = 3). (C-D) The effect of different concentrations of 
lactic acid on the proliferation of NPCs as determined by EdU staining. 
Proliferating NPCs appeare red, and nuclei were counterstained with 
Hoechst 33,258 (blue) (scale bar = 100 μm. n = 3). (E-F) The effect 
of different concentrations of lactic acid on the cell cycle of NPCs; 
the box positions represent negative controls (n = 3). (G-H) The effect 

of different concentrations of lactic acid on DNA double stranded 
as determined by γ-H2AX; DNA double-stranded-damaged cells 
appear red, and nuclei were counterstained with DAPI (blue) (scale 
bar = 50 μm. n = 3). (I-J) The effect of different concentrations of lac-
tic acid on the NPCs senescence as determined by SA-β-gal assay; 
senescent cells appear blue (scale bar = 200 μm. n = 3). (K-L) Western 
blotting analysis showing the effect of different lactic acid concentra-
tions on collagen II, MMP9 and MMP13 expression and quantifica-
tion of the results. La represents lactic acid; *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001; ns represents no statistical significance
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Lactic acid inhibits akt kinase activity by binding to 
the PH domain

The addition of lactic acid (6 mM and 10 mM) during NPCs 
culture significantly inhibited the activity of intracellular 
Akt kinase (Fig. 6A). Furthermore, as predicted by molecu-
lar docking, lactic acid may bind to the Lys39 and Leu52 
residues, which are located in the PH domain of Akt, thus 
curtailing Akt phosphorylation at Thr308 and Ser473 and cor-
responding Akt kinase activity (Fig. 6B-D). After knocking 
down Akt with shRNA, plasmids AktWT, AktK39A, AktL52A, 
and AktK39A,L52A were transfected into NPCs respectively 
(Fig. 6E). The Akt kinase activity assay showed that muta-
tions at these sites had no significant effect on Akt enzyme 
activity compared with the control group (Fig. 6F). Both 
the AktK39A, AktL52A, and AktK39A,L52A mutations signifi-
cantly reduced the proliferation rate of lactic acid in NPCs 
(Fig. 6G-H). Meanwhile, β-gal positive cells were decreased 
in the AktK39A, AktL52A, and AktK39A,L52A groups (Fig. 6I-J). 
In addition, the AktK39A, AktL52A, and AktK39A,L52A groups 
exhibited decreased intracellular ROS levels (Fig. 6K-L). 
Furthermore, the expression levels of MMP9 and MMP13 
were decreased, and the expression level of collagen II 
was enhanced in the AktK39A, AktL52A, AktK39A,L52A group 
(Fig. 6M-Q). Simultaneous AktK39A,L52A mutations resulted 
in better beneficial effects than single AktK39A or AktL52A 
mutations, although lactic acid-induced oxidative stress and 
senescence in AktK39A,L52A mutated NPCs were not reversed 
to the normal degree. Solutions containing lactic acid and 
different kinds of Akt proteins were analysed using MST. 
We found that simultaneous AktK39A,L52A mutations nearly 
completely disrupted the interaction of lactic acid with Akt, 
and individual AktK39A or AktL52A mutations also partly hin-
dered the interaction of lactic acid with Akt. (Fig. 6Q-T).

Lactic acid affects the proliferation and senescence 
of NPCs by inhibiting the Akt/p21/p27/cyclin D1 
pathway

Western blotting results showed that after lactic acid treat-
ment, the expression levels of p21 and p27 were signifi-
cantly increased, which in turn inhibited the downstream 
expression of cyclin D1 (Fig. 7A-D), while the Akt activa-
tor SC79 reversed this process (Fig. 7E-H). EdU staining 
showed that cotreatment of lactic acid-treated NPCs with 
SC79 reversed the detrimental effects of lactic acid on 
cell proliferation (Fig. 7I-J). Cotreatment with SC79 also 
significantly reduced the number of cells in the G0 phase 
(Fig. 7K-L) and the number of β-galactosidase-positive 
cells (Fig. 7M-N).

decreased in the LOx-overexpression groups compared to 
the LVV-control group (Fig. S3H-I).

Lactic acid promotes the accumulation of ROS and 
mitochondrial damage in NPCs

The DCFH-DA probe results showed that compared with the 
control-treated NPCs, 2 mM, 6 mM, and 10 mM lactic acid-
treated NPCs exhibited significantly increased intracellular 
ROS levels (Fig. 4A-B). The CMXRos probe test showed 
that 6 mM and 10 mM lactic acid caused a significant 
decrease in the MMP of NPCs compared with the control 
group (Fig. 4C-D). Intracellular MDA measurement results 
showed that compared with the control-treated cells, 2 mM, 
6 mM, and 10 mM lactic acid-treated NPCs exhibited sig-
nificantly elevated intracellular MDA (Fig. 4E). TEM obser-
vation results showed that lactic acid can lead to increased 
mitochondrial volume and decreased mitochondria number 
in NPCs, as well as the enhanced disorder of mitochondrial 
structure and the formation of vacuoles (Fig. 4F). LOx over-
expression also reduced intracellular ROS levels in NPCs 
compared to the LVV-control group (Fig. S3J-K); LOx 
overexpression caused a significant increase in the MMP of 
NPCs compared to the LVV-control group (Fig. S3L-M).

Transcriptomics revealed that lactic acid affects 
the function of NPCs by inhibiting the PI3K/Akt 
signaling pathway

High-throughput sequencing was performed in 3 samples 
of 10 mM lactic acid-treated NPCs and 3 samples of con-
trol NPCs to further explore the underlying mechanisms 
by which lactic acid affects NPCs senescence and oxida-
tive stress. A total of 2674 genes were upregulated in NPCs 
treated with lactic acid, and 3685 genes were downregulated 
(Fig. 5A). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis revealed that the differentially 
expressed genes were significantly enriched in the PI3K-
Akt pathway (Fig. 5B). The RT-qPCR results showed that 
the mRNA expression levels of 8 major genes in the PI3K-
Akt pathway in NPCs were downregulated after treatment 
with lactic acid (Fig. S4). Western blotting results verified 
that the levels of phosphorylated Akt were significantly 
reduced after 6 mM or 10 mM lactic acid treatment of NPCs 
(Fig. 5C-E). In vivo tests demonstrated that p-Akt (Thr308) 
and p-Akt (Ser473) expression was decreased in the NP 
tissue of the saline group and the LVV-control group com-
pared with the LVV-LOx group (Fig. 5F-H).
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(Fig. 8A-D), while SC79 reversed these effects (Fig. 8E-
H). Immunofluorescence staining showed that cotreatment 
with SC79 enhanced the fluorescence intensity of Nrf2 in 
the nuclei of lactic acid-treated NPCs (Fig. 8I-J). Cotreat-
ment with SC79 also reduced the content of intracellular 
ROS (Fig. 8K-L) and intracellular MDA content (Fig. 8M). 
The CMXRos probe staining results showed that SC79 

Lactic acid promotes ROS accumulation and 
mitochondrial damage by inhibiting the Akt/Nrf2/
HO-1 pathway

Western blotting results showed that lactic acid reduced 
the content of Nrf2 in the nucleus (n-Nrf2), the content of 
Nrf2 in the cytoplasm (c-Nrf2), and the expression of HO-1 

Fig. 4 High concentrations of lactic acid damage mitochondria and 
induce oxidative stress in NPCs. (A-B) The effect of different con-
centrations of lactic acid on ROS production in NPCs. The FL1 subset 
was set according to the ROS intensity of the negative control (n = 3). 
(C-D) The effect of different concentrations of lactic acid on the MMP 
of NPCs as determined by the CMXRos probe (red); nuclei were coun-

terstained with Hoechst 33,258 (blue) (scale bar = 50 μm. n = 3). (E) 
The effect of different concentrations of lactic acid on the MDA con-
tent of NPCs (n = 3). (F) The effect of different concentrations of lac-
tic acid on the mitochondrial morphology of NPCs detected by TEM. 
**p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 5 High concentrations of lactic acid affected the phosphorylation 
of Akt in NPCs. (A) Volcano map of differentially expressed genes in 
NPCs after treatment with lactic acid. (B) KEGG pathway analysis of 
differentially expressed genes in NPCs after treatment with lactic acid. 
(C-E) Western blotting analysis showing the effect of different lactic 

acid concentrations on p-Akt (Thr308), and p-Akt (Ser473) expression 
and quantification of the results (n = 3). (F-G) Immunofluorescence 
staining of p-Akt (Thr308) and p-Akt (Ser473) in NP tissues in differ-
ent groups (n = 3). **p < 0.01; ****p < 0.0001
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acids, nucleosides, and bioenergetic metabolites, accumu-
lated in the intervertebral disc [5, 55]. We then performed 
metabolomics analysis to compare the discrepancy between 
normal and degenerative discs. We found that lactic acid, 
pyruvate, isocitric acid, α-glutanic acid, UMP, guanine, and 
UDP-GlcNAc were the distinctly upregulated metabolites 
in degenerated intervertebral discs. Among these metabo-
lites, pyruvic acid [56], α-glutanic acid [57, 58], UMP [59], 
and UDP-GlcNAc [60] have all been reported to alleviate 
cellular senescence or oxidative stress, whereas lactic acid 
has been proven to accelerate cellular senescence and oxi-
dative stress [25, 26, 29, 30]. Moreover, oxidative stress is 
considered an important cause of IVDD [61]. Therefore, 
we hypothesized that lactic acid is a factor that promotes 
NPCs senescence and oxidative stress and thus participates 
in IVDD progression.

We then treated NPCs with a series of lactic acid concen-
trations and evaluated the changes in the biological function 
of NPCs using a series of cellular senescence and oxidative 
stress assessment assays. We proved that a high concentra-
tion of lactic acid inhibits cell proliferation and promotes 
NPCs senescence. Moreover, a high concentration of lac-
tic acid promotes the accumulation of ROS and mitochon-
drial damage in NPCs. These results are similar to previous 
reports that a high concentration of lactic acid inhibits 
proliferation and exacerbates ROS-related oxidative stress 
damage in chondrocytes [62, 63], which are cells that have 
characteristics that are analogous to those of NPCs. In our 
experiments, the time point for evaluating the senescence-
related effects of lactic acid on NPCs was 4 days, so some 
of the altered phenotypes, such as p21, EdU, and Ki67, may 
be partly attributed to the acute response of NPCs to lactic 
acid apart from the direct induction of senescence, which 
may require more time to establish detrimental effects after 
sublethal oxidative stress [64]. Further long-term evaluation 
of the senescence-related effects of lactic acid on NPCs will 
be explored in future research.

We then evaluated whether eliminating lactic acid accu-
mulation in the intervertebral disc can alleviate IVDD. 
There are many enzymes involved in lactic acid metabolism 
in mammalian cells, the most important enzymes are lactate 
dehydrogenase (LDH). LDH catalyses a redox reaction, the 
reversible conversion between pyruvate and lactic acid [50]. 
However, LDH is part of an orchestrated regulation network 
of glycolysis and oxidative phosphorylation, and alterations 
of LDH may bring in uncertain implications. Lox is a bacte-
rial enzyme that irreversibly converts lactic acid to pyruvate 
and subsequently reduces the lactic acid content, which may 
have mild implications on glycolysis and oxidative phos-
phorylation. LOx has been proven to effectively reduce the 
content of lactic acid in tumor, brain, and intervertebral 
disc to treat relevant diseases [46, 51, 52, 65]. Therefore, 

cotreatment significantly increased the intracellular mean 
fluorescence intensity (Fig. 8N-O). The TEM results showed 
that SC79 rescued the mitochondrial damage caused by lac-
tic acid in nucleus pulposus cells (Fig. 8P). A schematic of 
the comprehensive mechanisms considered in the current 
study is shown in Fig. 9.

Discussion

A high concentration of lactic acid is a hallmark and cause 
of IVDD. However, the underlying mechanisms by which 
lactic acid promotes IVDD are not clear. In this study, we 
explored the role of high concentrations of lactic acid in 
NPCs senescence and oxidative stress and investigated the 
potential mechanisms. There are several reasons that may 
contribute to lactic acid accumulation during IVDD. First, 
glycolysis in NPCs may be enhanced in degenerated inter-
vertebral discs, elevating the production of lactic acid [48]. 
In addition, reduced lactic acid efflux by impaired mono-
carboxylate transporters 4 expression can result in inade-
quate lactic acid clearance during IVDD [11]. In addition, 
cartilage endplate calcification and degeneration result in 
decreased permeability, which may diminish oxygen and 
nutrient concentrations and elevate the accumulation of lac-
tic acid in degenerated intervertebral discs [49]. We found 
that the concentration of lactic acid significantly increased 
in the degenerative intervertebral discs of humans and rats 
with PIDD. A high concentration of lactic acid promoted 
primary rat NPCs senescence and oxidative stress. Elimi-
nating the accumulation of lactic acid in the rat interver-
tebral disc alleviated the progression of IVDD. Reducing 
the lactic acid content in NPCs by LOx overexpression 
could reduce cellular senescence and oxidative stress in 
NPCs. High concentrations of lactic acid induced NPCs 
senescence and oxidative stress by inhibiting the PI3K/Akt 
pathway via binding to Lys39 and Leu52 residues in the PH 
domain of Akt and then suppressed downstream Akt/p21/
p27/cyclin D1 signaling and Akt/Nrf2/HO-1 signaling. This 
study reveals the role of lactic acid in NPCs senescence and 
oxidative stress during IVDD and may facilitate the effects 
of current IVDD therapies.

IVDD, which is a common degenerative disease, is char-
acterized by early onset and severe conditions compared 
with the degenerative diseases that occur in other organs 
and tissues. This is associated with the earlier senescence 
and oxidative stress of intervertebral disc cells, especially 
NPCs. Anatomical and metabolic peculiarities of these cells 
contribute significantly to this susceptibility [53, 54]. The 
intervertebral disc is the largest avascular tissue in the whole 
body, and it has poor oxygen and nutrition supply. Previous 
research verified that many metabolites, including amino 
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Finally, we explored the molecular mechanism by which 
lactic acid regulates the PI3K/Akt pathway. Previous stud-
ies have shown that lactic acid can regulate NPCs cellular 
processes by directly entering NPCs through monocarbox-
ylate transporters [80, 81] or indirectly creating an acidic 
microenvironment and affecting NPCs through acid-sensing 
ion channels [20]. Two recent studies have proven that lactic 
acid can directly interact with intracellular proteins, includ-
ing SENP1 and PHD2, to regulate biological processes [82, 
83]. We then surmised that the inhibition of the PI3K/Akt 
pathway by lactic acid may be associated with lactic acid-
protein interactions. Using molecular docking, we found 
that two residues (Lys39 and Leu52) in the PH domain of 
Akt can form hydrogen bonds with lactic acid. The modular 
structure of the Akt protein is composed of the PH domain 
at the N-terminus, the kinase catalytic domain in the middle 
and the AGC-kinase C-terminal domain at the C-terminus 
[84]. The activation of Akt commonly requires membrane 
translocation and subsequent phosphorylation by the kinase 
recruited to the membrane [85, 86]. The PH domain has 
affinity for PI(3,4,5)P3, which is a second messenger of the 
PI3K/Akt pathway. PI(3,4,5)P3 binds to the PH domain, 
which is indispensable for the plasma membrane targeting 
of Akt, resulting in the phosphoactivation of Akt by PDK1 
[87, 88]. Several small molecule compounds have been 
proven to inactivate Akt by binding to the PH domain [89–
91]. For Lys39 and Leu52, it has been reported that genipin 
binds to Leu52 in the PH domain and inhibits Akt activation 
[92]. Moreover, Abrus Agglutinin can bind to Lys39 in the 
PH domain to inactivate Akt [93].

To verify the function of Lys39 and Leu52 in the inter-
action of lactic acid and Akt, site-directed mutation was 
implemented. Further MST results revealed that both Lys39 
and Leu52 are crucial in the interaction of lactic acid with 
Akt. The simultaneous site-directed mutation of Lys39 and 
Leu52 nearly destroys the binding of lactic acid to Akt, 
while the single mutation of Lys39 or Leu52 partly hampers 
the binding of lactic acid to Akt. This evidence indicates that 
lactic acid may suppress Akt phosphoactivation by binding 
to Lys39 and Leu52 in the PH domain of Akt. The effects 
of lactic acid on oxidative stress and senescence were 
decreased after simultaneous Lys39 and Leu52 mutation or 
single mutation. We also noticed that even after simultane-
ous Lys39 and Leu52 mutation, lactic acid-induced oxida-
tive stress and senescence were not reversed to the normal 
degree, when the interaction of lactic acid with Akt was 
nearly totally destroyed. We surmised that Akt may have 
other unrevealed binding sites with lactic acid, and there 
exists a certain possibility that other signaling pathways 
may contribute to lactic acid-induced cellular senescence 
and oxidative stress apart from the Akt pathway. Other 

we utilized a lentivirus-mediated LOx overexpression sys-
tem to treat cultured NPCs and rats PIDD. We found that 
eliminating the accumulation of lactic acid significantly 
mitigated NPCs senescence, oxidative stress, and degenera-
tive alterations. These results verified that lactic acid pro-
motes NPCs senescence and oxidative stress to aggravate 
IVDD. In addition, LOx can catalyze lactic acid to gener-
ate pyruvate, which has previously been reported to have 
certain antioxidant effects [66–68]. Therefore, although the 
alleviation of cellular senescence and oxidative stress are 
attributed to the LOx-mediated elimination of lactic acid, 
there exists the possibility that LOx-mediated elevation of 
pyruvate may bring in some beneficial effects, which need 
further exploration in the future.

To determine the potential mechanism by which high 
concentrations of lactic acid stimulate NPCs senescence 
and oxidative stress, RNA-seq and bioinformatics analysis 
were performed. We found that the PI3K/Akt pathway was 
the most highly enriched signaling pathway, which may 
underlie lactic acid-induced NPCs senescence and oxida-
tive stress. The PI3K/Akt pathway is a crucial signaling 
pathway in regulating cellular biological processes, includ-
ing senescence, apoptosis, cell proliferation, and oxidative 
stress resistance [69–72]. Activating the PI3K/Akt signal-
ing pathway exerts protective effects in IVDD [73, 74], 
and PI3K/Akt activation can ameliorate NPCs senescence 
and oxidative stress [75–77]. Subsequent Western blotting 
experiments demonstrated that lactic acid inhibits the PI3K/
Akt pathway by suppressing the phosphorylation of Akt at 
Thr308 and Ser473, which are two common phosphoryla-
tion sites of Akt [78, 79]. This evidence proved that a high 
concentration of lactic acid contributes to NPCs senescence 
and oxidative stress by suppressing PI3K/Akt signaling.

Fig. 6 Lactic acid regulates the function of NPCs by binding to specific 
sites of Akt. (A) Detection of Akt kinase activity in NPCs after treat-
ment with different concentrations of lactic acid (n = 3). (B) Domain 
structure of Akt. (C-D) Molecular docking diagram of lactic acid and 
Akt. (E) Western blotting analysis showed Akt expression after knock-
ing down Akt with shRNA and transfecting AktWT, AktK39A, AktL52A 
and AktK39A,L52A into NPCs respectively. (F) Detection of Akt kinase 
activity in NPCs of different groups (n = 3). (G-H) The effect of site 
mutation of Akt on the proliferation of NPCs (red) as determined by 
EdU staining. Nuclei were counterstained with Hoechst 33,258 (blue) 
(scale bar = 100 μm. n = 3). (I-J) The effect of lactic acid (10 mM) 
on the senescence of Akt site-mutated NPCs (blue) as determined by 
SA-β-gal assay (scale bar = 200 μm. n = 3). (K-L) The effect of lac-
tic acid (10 mM) on ROS production of Akt site-mutated NPCs as 
determined by a DCFH-DA probe. The FL1 subset was set according 
to the ROS intensity of the negative control (n = 3). (M-P) Western 
blotting analysis showing the effect of lactic acid (10 mM) on col-
lagen II, MMP9 and MMP13 expression in Akt site-mutated NPCs 
and quantification of the results (n = 3). (Q-T) MST analysis of lactic 
acid in the interaction of NT-647-NHS-labeled Akt. Kd represents the 
dissociation constant. La represents lactic acid; *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001; ns represents no statistical significance
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distinctly elevated the expression levels of p21, p27 and 
cyclin D1 in lactic acid-treated NPCs and alleviated lactic 
acid-induced NPCs senescence. p21, p27, and cyclin D1 are 
crucial cell cycle regulators [94], and the Akt/p21/p27/cyclin 
D1 pathway has been reported to be a positive regulator of 
cell proliferation and a negative regulator of senescence [95, 
96], which is similar to our results. Akt can phosphorylate 

potential underlying mechanisms and signaling pathways 
warrant further exploration.

Akt can regulate various downstream pathways to medi-
ate biological effects. Western blotting experiments proved 
that lactic acid may affect the proliferation and senescence 
of NPCs by inhibiting the Akt/p21/p27/cyclin D1 path-
way. Treating NPCs with the Akt-specific activator SC79 

Fig. 7 High concentrations of lactic acid inhibited the proliferation of 
NPCs via the Akt/p21/p27/cyclin D1 pathway. (A-D) Western blotting 
analysis showing the effect of different lactic acid concentrations on 
p21, p27, and cyclin D1 expression and quantification of the results 
(n = 3). (E-H) Western blotting analysis showing the effect of lactic 
acid and/or SC79 on p21, p27, and cyclin D1 expression and quan-
tification of the results (n = 3). (I-J) The effect of lactic acid and/or 
SC79 on the proliferation of NPCs as measured by EdU staining. 

Proliferating NPCs appear red, and nuclei were counterstained with 
Hoechst 33,258 (blue) (scale bar = 100 μm. n = 3). (K-L) The effect of 
lactic acid and/or SC79 on the cell cycle of NPCs; the box positions 
represent negative controls (n = 3). (M-N) The effect of lactic acid 
and/or SC79 on the senescence of NPCs as determined by SA-β-gal 
assay. The senescent cells appeared blue (scale bar = 200 μm. n = 3). 
**p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 8 High concentrations of lactic acid promote oxidative stress in 
NPCs via the Akt/Nrf2/HO-1 pathway. (A-D) Western blotting analy-
sis showing the effect of different lactic acid concentrations on Nrf2 
in the nucleus (n-Nrf2), Nrf2 in the cytoplasm (c-Nrf2), and HO-1 
expression and quantification of the results (n = 3). (E-H) Western 
blotting analysis showing the effect of lactic acid and/or SC79 on 
n-Nrf2, c-Nrf2, and HO-1 expression and quantification of the results 
(n = 3). (I-J) The effect of lactic acid and/or SC79 on the Nrf2 nuclear 
translocation of NPCs as determined by immunofluorescence. Nrf2 in 
NPCs appeared red, and nuclei were counterstained with DAPI (blue) 

(n = 3). (K-L) The effect of lactic acid and/or SC79 on the ROS con-
tent of NPCs as determined by flow cytometry. The FL1 subset was 
set according to the ROS intensity of the negative control (n = 3). (M) 
The effect of lactic acid and/or SC79 on the MDA content of NPCs as 
determined by flow cytometry (n = 3). (N-O) The effect of lactic acid 
and/or SC79 on the MMP of NPCs as determined by the CMXRos 
probe (red); nuclei were counterstained with Hoechst 33,258 (blue) 
(scale bar = 50 μm. n = 3). (P) The effect of lactic acid and/or SC79 on 
the mitochondrial morphology of NPCs detected by TEM. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001
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proteins in the body [102, 103]. The Akt/Nrf2/HO-1 path-
way has been reported to be associated with oxidative stress 
defense and mitochondrial protection [33, 104, 105], which 
partly verified our results. Nrf2 can be regulated by the Akt/
GSK3β/Nrf2 pathway to alleviate cellular senescence [106, 
107]. In addition, Akt/Erk signaling activation can enhance 
the expression of Nrf2 and reduce cellular senescence [108]. 
Therefore, a high concentration of lactic acid may promote 
NPCs senescence by suppressing the Akt/p21/p27/cyclin 
D1 pathway and promote NPCs oxidative stress by sup-
pressing the Akt/Nrf2/HO-1 pathway. The concrete regula-
tory networks between Akt and P21, P27, and Nrf2 in lactic 
acid-treated NPCs deserve further exploration in the future.

and inhibit GSK3β to reduce P21 and alleviate cellular 
senescence [97]. In addition, synergistic Akt and Erk action 
can suppress P21 expression and reduce cellular senescence 
[98]. For P27, Akt can suppress P27 expression and alleviate 
senescence by FOXO3/P27 or P53/P27 signaling [99, 100]. 
Akt can also downregulate P27 by increasing the expression 
of the p27 ubiquitin mediator Skp2 [101]. Western blotting 
and immunofluorescence results proved that lactic acid may 
promote ROS accumulation and mitochondrial damage by 
inhibiting the Akt/Nrf2/HO-1 pathway. Treating NPCs with 
SC79 distinctly elevated the expression levels of Nrf2 and 
HO-1 and Nrf2 nuclear translocation in lactic acid-treated 
NPCs and alleviated ROS accumulation and mitochondrial 
damage. Nrf2 and HO-1 are well-known crucial antioxidant 

Fig. 9 Schematic diagram of the signaling pathways involved in the promotion of senescence and oxidative stress in NPCs by and corresponding 
IVDD by lactic acid
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