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Nutritional deficiency induces nucleus
pulposus cell apoptosis via the ATF4-PKM2-
AKT signal axis
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Abstract

Background The intervertebral disc is the largest avascular tissue in the human body. The nucleus pulposus (NP)
consumes glucose and oxygen to generate energy to maintain cellular metabolism via nutrients that diffuse from
the cartilage endplate. The microenvironment in the intervertebral disc becomes nutritionally deficient during
degeneration, and nutritional deficiency has been shown to inhibit the viability and proliferation of NP cells.

Methods To investigate the molecular mechanism by which nutritional deficiency reduces viability and decreases
proliferation, we created an in vitro model by using decreasing serum concentration percentages.

Results In this study, we found that nutritional deficiency reduced NP cell viability and increased cell apoptosis and
that the upregulation of ATF4 expression and the downregulation of PKM2 expression were involved in this process.
Moreover, we found that PKM2 inhibition can reduce the cell apoptosis induced by ATF4 silence under nutritional
deficiency.

Conclusion Our findings revealed that PKM2 inhibition reduces the cell apoptosis induced by ATF4 silence under
nutritional deficiency by inhibiting AKT phosphate. Revealing the function and mechanism of NP cell development
under nutritional deficiency will provide new insights into the etiology, diagnosis, and treatment of intervertebral disc
and related diseases.
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Introduction

Intervertebral disc degeneration (IVDD) is considered
the leading cause of low back pain, which is an extremely
common musculoskeletal disorder that affects people of
all ages and results in global disability [1, 2]. The annual
cost of IVDD treatments is over $100 billion in the United
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lumbar discectomy [3, 6—10]. These interventions cannot
prevent the progression of degeneration or restore the
physiological function of the intervertebral disc (IVD),
and understanding the exact etiology is essential for cur-
ing or preventing the progression of IVDD. The IVD is
composed of the central nucleus pulposus (NP), the sur-
rounding annulus fibrosus (AF) ring, and cartilaginous
endplates. Nucleus pulposus cells (NPCs) are the major
cells that reside in the NP and are important for the pres-
ervation of the extracellular matrix (ECM), such as aggre-
can and type II collagen (Col2al), and thus maintain the
normal physiological function of IVDs [11-13]. Although
the exact etiology of IVDD remains unclear, significantly
increased NPC apoptosis and reduced cell proliferation
are proven to be important contributors to IVDD [11, 14,
15].

As the largest avascular organ in our body, the IVD was
reported to obtain all essential nutrients through the car-
tilage endplate [16]. The main energy supply of IVD cells
is provided by glycolysis, which consumes glucose and
produces lactic acid at a relatively high rate [17]. An ade-
quate level of glucose is essential for maintaining the via-
bility of IVD cells. If the glucose concentration is lower
than 0.5 mmol/L for more than a few days, the cells will
begin to die. In addition, a low pH (<6.4), caused mainly
by lactic acid accumulation, will also affect the viability
of IVD cells [18, 19]. Gradients of oxygen, glucose, and
lactic acid exist throughout the disc. Oxygen and glu-
cose concentrations fall and lactic acid concentrations
rise toward the center of the nucleus; hence, the center
of the disc has a low glucose and oxygen concentration
and is acidic [20]. It was found that in the center, the con-
centration of nutrients ranges from 1 to 5% depending
on the oxygen level [21]. With aging and degeneration in
the IVD, the supply of nutrients, such as oxygen, glucose,
and serum, reduces significantly, leading to a microenvi-
ronment with severe nutritional deficiency, which causes
metabolic disturbances, induces apoptosis, and reduces
the proliferation of NPCs [22-24].

Tetrameric pyruvate kinase (PK) catalyzes the final step
in glycolysis, converting phosphoenolpyruvate into pyru-
vate. Transcripts from the PKM locus are alternatively
spliced into two major isoforms, M1 and M2 [25, 26].
Pyruvate kinase M2 (PKM2) can be aggregated into tet-
rameric and dimeric forms. PKM2 in the dimer state can
enter the nucleus to regulate gene expression and phos-
phorylation, induce acetylation and other modifications,
mediate the different intracellular localizations of PKM2,
and play an important role in cell energy supply and cell
proliferation [26, 27].

Activating transcription factor 4 (ATF4) is a member
of the ATF/CREB family and plays an important role in
amino acid and glucose metabolism, the intracellular
anti-oxidative stress response, and the transcriptional
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regulation of inflammatory factors. ATF4 overexpres-
sion was reported to trigger a cascade of reactive oxygen
species (ROS) and to induce cell apoptosis [28, 29]. Con-
versely, the deletion of ATF4 can significantly inhibit ROS
production and apoptotic processes during physiological
and pathological conditions [30]. The ATF4 transcrip-
tion factor can function together with Runx2 and osterix
and plays a role in osteoblast differentiation [31-33]. The
phosphatidylinositol 3-kinase (PI3K)/Akt signaling path-
way is the key to cell proliferation, apoptosis, and differ-
entiation in various tissues and cell types [34]. Smith et
al. [35] found that the Akt signal is crucial for the acute
stimulation of the mitochondrial oxygen consumption
rate (OCR) during the process of Wnt- and BMP-medi-
ated osteoinduction. Some studies have shown that cyclic
stretch promoted the energy metabolism in osteoblast-
like MG-63 cells by regulating glucose consumption, lac-
tate levels, ATP levels, and energy metabolism-related
enzymes partially through the Akt/mTOR/p70s6k sig-
naling pathway [36]. Considering the close relationship
between PKM2, ATF4, cell apoptosis, cell proliferation,
and energy metabolism, we investigated NPC apoptosis
induced by nutritional deficiency via the ATF4-PKM2-
AKT signal axis.

In this study, we found that nutritional deficiency
reduced NP cell viability and increased cell apoptosis and
that the expression of ATF4 and PKM2 was involved in
this process. In addition, we found that PKM2 inhibition
can reduce the cell apoptosis induced by ATF4 silence
under nutritional deficiency. We further analyzed the
mechanism by which nutritional deficiency reduces NP
cell viability and increases cell apoptosis. Our findings
revealed that PKM2 inhibition reduced the cell apoptosis
induced by ATF4 silence under nutritional deficiency by
inhibiting AKT phosphate.

Results

Nutritional deficiency can reduce cell viability and the
expression of ATF4 and inhibit the expression of PKM2 in
NPCs

To test how cell viability was affected by nutritional defi-
ciency, we performed an in vitro colorimetric cell count-
ing kit-8 (CCK8) cell viability assay in primary NPCs. A
cell nutritional deficiency model was created by using
decreasing serum concentration percentages. The results
showed that cell viability significantly reduced from con-
trol cells to 5%, 1%, and 0% serum-containing media,
indicating that nutritional deficiency can reduce cell
viability (Fig. 1 A). Moreover, our western blot results
showed that the expression of ATF4 was increased, while
that of PKM2 was decreased with decreasing concentra-
tion of serum-containing media (Fig. 1B, C). We used
1% serum-containing media to stimulate NPCs for dif-
ferent time courses, and the levels of ATF4 and PKM2
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Fig. 1 Nutritional deficiency can inhibit increase the expression of ATF4 and inhibit PKM2 in NP cells

(A) The NP cell proliferation status detected by CCK8 under the different condition of nutritional deficiency (B)The expression level of ATF4 and PKM2
detected by western blot under the different condition of nutritional deficiency. (Group A, B, C, D denotes the media contain 10%, 5%, 1% and 0% FBS,
respectively) (C) The quantity analysis of expression level of ATF4 and PKM2 as showed in B (D) The expression level of ATF4 and PKM2 detected by western
blot under serum free condition with different time (E) The quantity analysis of expression level of ATF4 and PKM2 as showed in D. Data are mean +s.d.
The percentage calculation in each tissue were measured at least 1000 cells each sample. Statistical significance was determined by one-way ANOVA and

Student's t-test. **, ##, A /\ P<.001

were determined by western blotting. The expression of
ATF4 was increased, while that of PKM2 was decreased
in a time-dependent manner, as detected by western
blotting (Fig. 1D, E). Therefore, these studies showed that
nutritional deficiency can reduce cell viability and the
expression of ATF4 and inhibit the expression of PKM2
in NPCs.

ATF4 silence can induce NP cells’ apoptosis under
nutritional deficiency

To further investigate the role of the ATF4 gene in NPCs
under nutritional deficiency, we used the siRNA-induced
gene knockout method to knock out the ATF4 gene
in NPCs. The gene knockout effect was confirmed by
RT-qPCR and western blotting (Fig. 2 A-C). The CCK8
assay was used to investigate how the ATF4 gene knock-
out affected cell viability under nutritional deficiency by
using 1% serum-containing media (Fig. 2D). The CCK8
assay suggested that the ATF4 gene knockout can reduce
cell viability under nutritional deficiency by using 1%
serum-containing media. Flow cytometry was used to
investigate how the ATF4 gene knockout affected cell
apoptosis under nutritional deficiency (Fig. 2E, F). The
results suggested the ATF4 gene knockout can increase
cell apoptosis under nutritional deficiency by using 1%
serum-containing media. To further confirm the apopto-
sis induced by the ATF4 gene knockout under nutritional

deficiency, the apoptosis proteins Bax, Bcl2, and cleaved
caspase-3 were detected by a western blot assay. As
shown in Fig. 2G H, cell apoptosis was increased under
nutritional deficiency.

ATF4 silence can increase NP cells’ glucose uptake and
lactic acid level under nutritional deficiency

Glucose uptake and the lactic acid level can reflect the cell
metabolism level and a healthy condition. As expected,
the glucose uptake level was significantly reduced in the
group with 1% serum-containing media (Fig. 3 A). How-
ever, the glucose uptake level increased after knocking
out the ATF4 gene. The lactic acid level decreased from
9.8 mmol/L in the control group to 2.1 mmol/L in the 1%
serum-containing media and increased to 5.8 mmol/L
after knocking out the ATF4 gene (Fig. 3B). Moreover,
our western blot results showed that the expression of
ATF4 and HIF-1a was increased, while that of PKM2 was
decreased in 1% serum-containing media, as compared
with the control. Interestingly, compared with the expres-
sion in the group with 1% serum-containing media, the
expression of PKM2 and HIF-la was increased when
the ATF4 gene was silenced (Fig. 3 C, D). The apop-
tosis caused by nutritional deficiency may be brought
about by affecting ATF4- or PKM2-induced cell energy
metabolism.
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Fig. 2 ATF4 silence can induce NP cell's apoptosis under the nutritional deficiency condition

(A) ATF4 expression level detected by RT-gPCR (B) ATF4 expression level detected by western blot (C) The quantity analysis of expression level of ATF4
as showed in B (D) The NP cell proliferation status detected by CCK8 under the condition of nutritional deficiency and ATF4 silence (E)The cell apoptosis
status detected by flow cytometry under the condition of nutritional deficiency and ATF4 silence (F) The quantity data showed percentage of cells in
apoptosis as showed in E (G) The cell apoptosis protein detected by western blot (Group A, B, C denotes the 10%FBS, 1%FBS and 19%FBS with siATF4 group
respectively) (H) The quantity analysis of expression level of cell apoptosis protein as showed in G. Data are mean +s.d The percentage calculation in each
tissue were measured at least 1000 cells each sample. Statistical significance was determined by one-way ANOVA and Student’s t-test. **, ##, A /A P <.001

Considering that AKT is involved in cell proliferation,
apoptosis, and energy metabolism signaling, we detected
the AKT and P-AKT expression levels in each group.
Our western blot results showed that the expression of
P-AKT decreased in 1% serum-containing media and
increased in the ATF4 gene knockout group (Fig. 4 A, B).
These data suggested that ATF4 silence can induce NP
cells” apoptosis under nutritional deficiency via promot-
ing AKT phosphate.

PKM2 inhibition can reduce the cell apoptosis induced by
ATF4 silence under nutritional deficiency

To test how cell viability was affected by PKM2 inhibition
induced by ATF4 silence under nutritional deficiency, we
performed an in vitro colorimetric CCK8 cell viability
assay in primary NPCs. The results revealed that PKM2
inhibition can increase cell viability under nutritional
deficiency. However, PKM2 inhibition can decrease cell
viability after ATF4 silence under nutritional deficiency

(Fig. 5 A). The flow cytometry results demonstrated that
PKM?2 inhibition can decrease cell apoptosis under nutri-
tional deficiency. However, PKM2 inhibition can increase
cell apoptosis after ATF4 silence under nutritional defi-
ciency (Fig. 5B, C).

PKM2 inhibition can reduce NP cells’ glucose uptake and
lactic acid level induced by ATF4 silence under nutritional
deficiency

The cells’ glucose uptake and lactic acid level were tested
to show how PKM2 affected the cells’ energy metabo-
lism. The cells’ glucose uptake and lactic acid level were
significantly decreased in the PKM2 inhibition group
under nutritional deficiency. What is more, PKM2 inhi-
bition can reduce the NP cells’ glucose uptake and lac-
tic acid level induced by ATF4 silence under nutritional
deficiency, indicating that PKM2 is downstream of ATF4
(Fig. 6 A, B). Consistent with this, HIF-1a was reduced in
the PKM2 inhibition group under nutritional deficiency,
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Fig. 3 ATF4 silence can increase NP cell’s glucose uptake and lactic acid level under the nutritional deficiency condition

(A) The NP cell’s glucose uptake level under the condition of nutritional deficiency and ATF4 silence (Group A, B, C denotes the 10%FBS, 1%FBS and 1%FBS
with siATF4 group respectively) (B) The NP cell’s lactic acid level under the condition of nutritional deficiency and ATF4 silence (Group A, B, C denotes
the 10%FBS, 1%FBS and 1%FBS with siATF4 group respectively) (C) The glucolysis status detected by western blot under the condition of nutritional
deficiency and ATF4 silence (Group A, B, C denotes the 10%FBS, 1%FBS and 1%FBS with siATF4 group respectively) (D) The quantity the protein reflected
glucolysis status as showed in C. Data are mean +s.d. The percentage calculation in each tissue were measured at least 1000 cells each sample. Statistical
significance was determined by one-way ANOVA and Student’s t-test. **, ##, A /A P<.001
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Fig. 4 ATF4 silence can induce NP cell's apoptosis under the nutritional deficiency condition may via promoting AKT phosphate

(A) The AKT and P-AKT expression level detected by western blot under the condition of nutritional deficiency and ATF4 silence (Group A, B, C denotes the
10%FBS, 1%FBS and 1%FBS with siATF4 group respectively) (B) The quantity analysis of expression level of cell apoptosis protein as showed in A. Data are
mean +s.d. The percentage calculation in each tissue were measured at least 1000 cells each sample. Statistical significance was determined by one-way
ANOVA and Student’s t-test. **, ##, /A /\ P<.001
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Fig. 5 PKM2 inhibition can reduce the cell apoptosis induced by ATF4 silence under the nutritional deficiency condition

(A) The NP cell proliferation status detected by CCK8 induced by ATF4 silence or PKM2 inhibition under the nutritional deficiency condition (B) The cell
apoptosis status detected by flow cytometry under the condition of nutritional deficiency and ATF4 silence or PKM2 inhibition (C) The quantity data
showed percentage of cells in apoptosis as showed in B. Data are mean +s.d. The percentage calculation in each tissue were measured at least 1000 cells
each sample. Statistical significance was determined by one-way ANOVA and Student’s t-test. **, ##, A /\ P <.001

and PKM2 inhibition can reduce the HIF-la level
induced by ATF4 silence under nutritional deficiency
(Fig. 6 C, D).

PKM2 inhibition reduces the cell apoptosis induced by
ATF4 silence under nutritional deficiency by inhibiting AKT
phosphate

To further confirm the apoptosis induced by PKM2 inhi-
bition under nutritional deficiency, the apoptosis pro-
teins Bax, Bcl2, and cleaved caspase-3 were detected by
a western blot assay. As shown in Fig. 7 A, B, cell apopto-
sis was decreased by PKM2 inhibition under nutritional
deficiency. However, PKM2 inhibition can increase cell
apoptosis after ATF4 silence under nutritional deficiency.

Our western blot results showed that the expression
of P-AKT was decreased by PKM2 inhibition under
nutritional deficiency (Fig. 7 C, D). KM2 inhibition can
increase AKT phosphate after ATF4 silence under nutri-
tional deficiency.

Methods and materials

Human NPC culture

Human NPCs were dissected during surgical disc pro-
cedures performed on patients with lumbar burst frac-
tures. All the methods were performed in accordance
with the guidelines and regulations of Shanghai East
Hospital. All the participants consented to participate in
this study. NPCs were isolated and cultured as previously
described [37]. After isolation, NPCs were re-suspended
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Fig. 6 PKM2 inhibition can reduce NP cell’s glucose uptake and lactic acid level induced by ATF4 silence under the nutritional deficiency condition

(A) The NP cell’s glucose uptake level induced by ATF4 silence or PKM2 inhibition under the nutritional deficiency condition (B) The NP cell’s lactic acid
level induced by ATF4 silence or PKM2 inhibition under the nutritional deficiency condition (C) The glucolysis status detected by western blot induced by
ATF4 silence or PKM2 inhibition under the nutritional deficiency condition (Group A, B, C, D, E denotes the 10%FBS, 1%FBS, 1%FBS with siATF4, 1%FBS with
PKM2-IN-1, 1%FBS + siATF4 + PKM2-IN-1 group respectively) (D) The quantity the protein reflected glucolysis status as showed in C. Data are mean+s.d.
The percentage calculation in each tissue were measured at least 1000 cells each sample. Statistical significance was determined by one-way ANOVA and

Student's t-test. **, ##, A /\ P<.001

in Dulbecco’s modified Eagle’s medium/F-12 (HyClone,
USA) containing 10% fetal bovine serum (Gibco,
USA) and 50 units/mL of penicillin and streptomycin
(HyClone, USA), and then incubated at 37 °C in a humid-
ified atmosphere with 95% air and 5% CO,. The conflu-
ent cells were detached by trypsinization and then seeded
into a cell culture dish of 10 cm in a complete culture
medium for passing. The medium was changed every
other day during culturing. When it reached 90% conflu-
ency, third passage human NPCs were cultured in differ-
ent percentages of serum-containing media as required
for the subsequent experiments [37].

Glucose uptake assay

After transfection or culturing under nutritional defi-
ciency, NPCs were washed twice with Krebs-Ringer-
Phosphate-HEPES (KRPH) buffer and starved of glucose

by incubation with KRPH buffer containing 0.2% bovine
serum albumin (BSA) at 37 °C for 40 min. The NPCs were
then stimulated with 100 nM insulin (Sigma-Aldrich) for
30 min in KRPH buffer supplemented with 0.2% BSA.
Glucose transport was determined by subsequent stimu-
lation with 2-deoxy-D-glucose-6-phosphate (2DG6P) at a
final concentration of 0.1 mM for 20 min. The reaction
was terminated by washing the cells four times with ice-
cold PBS. The cells were lysed in lysis buffer, and glucose
uptake was assessed using the glucose uptake assay kit
(K682-50, Biovision) in accordance with the manufac-
turer’s instructions. The absorbance was measured at a
wavelength of 412 nm on a microplate reader.

L-lactate concentration detection
NPCs were cultured in normoxia or hypoxia after
transfection with siRNA or cultured under nutritional
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Fig. 7 PKM2 inhibition reduce the cell apoptosis induced by ATF4 silence under the nutritional deficiency condition by inhibiting AKT phosphate

(A) The expression level of cell apoptosis protein detected by western blot induced by ATF4 silence or PKM2 inhibition under the nutritional deficiency
condition (Group A, B, C, D, E denotes the 10%FBS, 1%FBS, 1%FBS with siATF4, 19%FBS with PKM2-IN-1, 19%FBS + siATF4 + PKM2-IN-1 group respectively) (B)
The quantity analysis of expression level of cell apoptosis protein as showed in A (C)The AKT and P-AKT expression level detected by western blot induced
by ATF4 silence or PKM2 inhibition under the nutritional deficiency condition (Group A, B, C, D, E denotes the 10%FBS, 1%FBS, 1%FBS with siATF4, 1%FBS
with PKM2-IN-1, 19%FBS + siATF4 + PKM2-IN-1 group respectively) (D) The quantity analysis of expression level of cell apoptosis protein as showed in C.
Data are mean +s.d. The percentage calculation in each tissue were measured at least 1000 cells each sample. Statistical significance was determined by

one-way ANOVA and Student’s t-test. **, ##, A /A P <.001

deficiency. The supernatant was collected after 24 h and
deproteinized using a 10KD filter (EMD Millipore, Bil-
lerica, MA, USA) by centrifuging for 30 min at room
temperature. L-lactate was quantified using an assay kit
(A019-2, Nanjing Jiancheng) using the manufacturer’s
protocol.

Western blot

The expression levels of proteins were determined by
western blot analysis of the total protein extracts from
NPCs. Cell samples were lysed in RIPA buffer and soni-
cated, and the protein concentrations were calculated
using the BCA protein assay kit. Proteins were loaded
onto 8% SDS-PAGE gels and transferred to PVDF mem-
branes (Millipore, Billerica, MA, USA). After blocking
for 1 h, the membranes were incubated with primary
antibodies overnight at 4 °C. Primary antibodies spe-
cific to ATF4 (1:1000, 10835-1-AP, Proteintech), PKM2
(1:1000, 15822-1-AP, Proteintech), Bax (1:1000, Ab53154,
Abcam), Bcl2 (1:1000, Ab196495, Abcam), cleaved

caspase-3(1:1000, Ab2302, Abcam), and GADPH (1:1000,
5174, CST) were used. Negative controls were performed
with normal rabbit IgG (Sigma) under the same con-
ditions. After washing with Tris Buffered Saline with
Tween (TBST) three times, the membranes were incu-
bated with the respective secondary antibodies. Then the
bands were detected with ECL plus reagent (Millipore)
by the ChemiDoc™ XRS+System (BIO-RAD, USA). Rela-
tive expression levels of proteins were determined by
quantitative densitometric analysis using image analysis
software (Image lab, Bio-Rad, USA).

Flow cytometry

Cells were resuspended in 100 mL of cell staining buf-
fer, incubated with antibodies for 20 min on ice to block
Fc receptors, and stained with fluorochrome-conjugated
or isotype control antibodies on ice for 20 min assessed
using a glucose uptake assay kit (K682-50, Biovision) in
accordance with flow cytometry (C1062, Beyond). The
acquired raw data were further analyzed using FlowJo
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software (Tree Star). Representative plots of at least three
independent biological samples are shown in Figure.

Cell counting Kit-8 (CCK8) assay

Human NPCs were seeded into 96-well plates and incu-
bated in the presence of decreased concentrations of
serum (10%, 5%, 1%, 0%) for O h, 24 h, 48 h, and 72 h.
Cell survival rate was determined using the established
CCK-8 assay. Each well was incubated with a CCK-8
solution (CP002, SAB) for 4 h, and the absorbance was
measured at 590 nm using a spectrophotometer. Wells
containing only medium served as blank controls.

Statistics

Student’s t-test for the comparison between two groups
or a one-way ANOVA followed by Tukey’s multiple com-
parison test for grouped samples was performed. The
program GraphPad Prism (GraphPad Software, Inc., San
Diego, USA) was used for these analyses. P <.05 was con-
sidered to be significant. NS denotes not significant.

Discussion

The NP is the largest avascular tissue in the human
body, and nutrients diffuse across the cartilage endplate
to reach the intervertebral cells and disc cells, thus con-
suming glucose and oxygen to generate energy to main-
tain cellular metabolism [22]. The microenvironment
becomes nutritionally deficient during degeneration.
Nutritional deficiency has been shown to inhibit the
viability and proliferation of NPCs [22, 23, 38]. To inves-
tigate the mechanism by which nutritional deficiency
reduces NPC viability and proliferation, we created an
in vitro model by using decreasing serum concentration
percentages. In agreement with previous studies, our
study suggested that nutritional deficiency can inhibit the
viability and proliferation of NPCs [39]. Then, we found
a new mechanism by which nutritional deficiency can
induce NPC apoptosis. Namely, PKM2 inhibition reduces
the cell apoptosis induced by ATF4 silence under nutri-
tional deficiency via inhibiting AKT phosphate.

It has been reported that ATF4 increased in NPCs in
the early stages of glucose deprivation and that ATF4
siRNA inhibited both ROS production and apoptosis
[40]. Zong et al. [28] reported that upregulating ATF4
expression could increase cellular ROS and the sensitiv-
ity to apoptosis. ATF4 is upregulated by stress signals,
including oxidative stress, hypoxia, and endoplasmic
reticulum stress. ATF4 also affects the expression of
genes involved in oxidative stress [29, 31, 41]. ATF4 gene
expression was silenced resulting in the downregula-
tion of both CHOP and caspase9, reversing the negative
effect. In agreement with these previous observations, we
found that ATF4 expression was increased under severe
nutritional deficiency in NPCs and that ATF4 deletion
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can increase cell viability and proliferation and reduce
cell apoptosis. We also found that the expression of ATF4
decreased with higher glucose uptake and LD levels in
NPCs. Consistent with this, ATF4 was reported to be
closely related to thermogenesis and amino acid, glucose,
and lipid metabolism, with ATF4 mutant mice having
increased energy expenditure[32, 33].

The role of PKM2 in glucose metabolism has been well
established [27, 42-44]. The effect of PKM2 is currently
considered to be the interception of glucose metabolism,
whereby the metabolic pathway is transformed into the
pentose phosphate pathway, the uronic acid pathway,
the polyol pathway, etc. for the synthesis of five-carbon
ribose and non-essential amino acids. Amino acids, fatty
acids, glucose intermediates, and bypass metabolites can
regulate PKM2 enzyme composition and enzyme activ-
ity [26]. Consistent with this, we found that PKM2 was
significantly reduced with decreased glucose uptake
during nutritional deficiency in NPCs. PKM2 recently
also received much attention for its noncanonical roles
in tumorigenesis, functioning as a dimer enhancing the
transcriptional activity of Oct-4, b-catenin, and HIF-1la
[42, 43, 45]. Previous studies demonstrated that PKM2
interacts directly with the HIF-la subunit and pro-
motes the transactivation of HIF-1 target genes [42, 43,
46]. However, HIF-1a activity in AF cells was unaffected
by PKM2 overexpression and tetrameric stabilization.
Unlike that in other cell types, HIF-1 activity in NPCs
is not influenced by manipulation of PKM2 and JMJD5
levels because of NPCs’ physiologically hypoxic niche
[45]. In our study, we found that the expression level of
HIF-1 was negatively related to the expression of HIF
under nutritional deficiency. The regulation mechanism
is still unclear, and it needs to be further investigated in
the future.

PI3Ks are a unique family of intracellular lipid kinases,
and Akt is a serine/threonine kinase. Once activated
by different agents, PI3Ks change phosphatidylinosi-
tol 4,5-biphosphate (PIP2) into phosphatidylinositol
3,4,5-triphosphate (PIP3) and further activate Akt. Acti-
vated Akt modulates biological processes, including cell
proliferation and apoptosis, through interaction with
downstream proteins. More importantly, Akt activa-
tion has been shown to have a protective effect on IVD
degeneration. Activation of Akt signaling increases Sox9
expression and activity, which induces the expression
of aggrecan in NPCs [47]. Insulin-like growth factor-1
(IGF-1) promotes IVD cell proliferation by activating
this pathway [48]. Many adverse factors contribute to
IVD degeneration, such as an adverse microenvironment
and cytokines. Previous studies indicated that activation
of AKT signaling attenuated NPC apoptosis induced by
high-magnitude compression or hyperosmotic condi-
tions [49]. In addition, AKT could protect NPCs against
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apoptosis induced by some cytokines, such as IL-1f and
TNEF-a [50].

The relation between ATF4 and PKM2 has been inves-
tigated in several studies [44, 51, 52]. This is the first
study to investigate the relationship between ATF4 and
PKM2 in NPC apoptosis under nutritional deficiency.
The PKM2 mutation has been found in many tumors, and
its deletion can increase cell apoptosis [25, 27, 53, 54].
In our study, we find that the overexpression of PKM2
can reduce NPC apoptosis under nutritional deficiency.
Interestingly, the overexpression of PKM2 in NPCs with
an ATF4 mutation can reduce cell apoptosis and reduce
the phosphatidylinositol-AKT induced by the ATF4
mutation under nutritional deficiency. This suggests that
PKM2 may function downstream of ATF4 during NPC
apoptosis induced by nutritional deficiency.
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