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Endoplasmic Reticulum Stress in the Progression from Lumbar Disc
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Abstract LIDD (lumbar intervertebral disc degeneration) is the main pathological basis of LDH (lumbar disc
herniation). ERS (endoplasmic reticulum stress) and UPR (unfolded protein response) may be key links connecting ab-
normal mechanics, nutritional disorders, oxidative stress, and inflammatory microenvironment with disc cell fate imbal-
ance. This article reviews the roles of PERK, IREla and ATF6 UPR pathways in nucleus pulposus, annulus fibrosus and
cartilage endplate, focusing on the evolution of LIDD to LDH. Existing studies have shown that moderate UPR helps to
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maintain protein homeostasis and promote extracellular matrix synthesis. Persistent or excessive ERS induces apoptosis,
pyroptosis, necroptosis, ferroptosis, autophagy imbalance and senescence, through CHOP, INK/NF-kB, NLRP3 inflam-
masome, mitochondrial damage and Ca®* homeostasis disorder, resulting in decreased expression levels of Aggrecan and
COL2AL. The expression levels of MMPs and ADAMTSs are increased, which lead to dehydration of nucleus pulposus,
destruction of annulus fibrosus barrier and dystrophy of cartilage endplate, and may be involved in immune inflammation,
tissue absorption and pain sensitization after protrusion. Chemical chaperones, UPR pathway modulation, antioxidant and
mitochondrial protection, exosome-based therapies, and biomaterial-mediated local delivery have shown therapeutic poten-
tial, although current evidence is largely limited to in vitro and animal studies. In the future, it is necessary to combine with

the validation based on human tissue stages and partitions, clarify the time phase and threshold of ERS, and establish an ac-

curate local delivery and clinical transformation path.
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Table 1 Endoplasmic reticulum stress-related markers and their significance in the progression
of intervertebral disc degeneration to herniation
bRAEY TEERLHT A LR FEAZBVAMNIR BBy RS 5 TEIRR B R BRI 275 30k
Marker Pathway/mech- Principal mechanism Main tissue/cell Stage/stress context  Significance in the pro- References
anistic node source gression from degenera-
tion to herniation
GRP78/  Endoplasmic  Binds unfolded proteins; dis-  Nucleus pulposus, Can increase early;  Sensitive indicator of [18,22-25,31-36]
BiP reticulum mo- sociates from PERK, IREla,  annulus fibrosus,  often remains el- proteostatic burden, but
lecular chap-  and ATF6 during stress cartilaginous evated in advanced  elevation alone does not
erone; UPR endplate, and cells stages determine injury severity
activation within herniated or herniation subtype
tissue
PERK UPR sensor Phosphorylates elF2a to tran- Predominantly Adaptive early; Associated with nucleus  [22-26,31,34-35]
siently suppress translation;  nucleus pulposus; becomes maladap-  pulposus cell apoptosis,
sustained activation induces  also annulus fibro- tive with persistent ~ECM (extracellular matrix)
ATF4/CHOP and NOXA sus stimulation degradation, and loss of
the anabolic phenotype
p-elF2a  Downstream  Suppresses global translation ~ Nucleus pulposus Indicates activa- Indicates activation of the [25-26,29-31,34]
effector of while selectively promoting and annulus fibro- tion of the PERK  PERK branch; should be
PERK ATF4 expression sus branch; should be interpreted together with
interpreted together ATF4/CHOP
with ATF4/CHOP
ATF4 Downstream of Regulates amino acid metabo- Nucleus pulposus May be protective  Links metabolic adapta- [25-26,29-31,34-
PERK/elF20  lism, antioxidant responses, and annulus fibro- early; sustained high tion and autophagy to 35]
autophagy, and CHOP expres-  sus expression is more  terminal apoptosis
sion common in interme-
diate/late stages or
under high load
CHOP Transcription ~ Promotes BAX/BCL-2 imbal-  Nucleus pulposus, Intermediate/late Marker of terminal in-  [18,22-26,29-36]
factor of mal-  ance, mitochondrial apoptosis, —annulus fibrosus,  stages or intense, jury; associated with cell
adaptive UPR  inflammation, and extracellular cartilaginous end- sustained stress death but not specific to
matrix degradation plate; dorsal root LDH subtype
ganglion models
IREla UPR sensor Mediates unconventional splic- Prominent in Adaptive early; Associated with inflam-  [22,25,27,30,34]
ing of XBP1 mRNA; sustained nucleus pulposus; shifts to proinflam- mation, apoptosis, and
activation engages JNK, NF-  also expressed in  matory/proapoptotic ECM catabolism in
«B, and RIDD (regulated IRE1- annulus fibrosus  signaling with per- nucleus pulposus
dependent decay) and immune cells  sistent inflammation
XBPls Spliced down- Enhances molecular chaper- Nucleus pulposus  Predominantly adap- IRE1o/JNK activity [22-25,27,30,34]
stream product ones, endoplasmic reticulum-  and annulus fibro- tive; either persistent should be considered to
of IREla associated degradation, and sus; dorsal root activation or inad-  distinguish protective
secretory protein folding ganglion nerve- equate activity may from damaging effects
injury models be maladaptive
ATF6 UPR sensor Following proteolytic cleavage ~ Evidence is con-  Early adaptation; The miR-31-5p/ATF6 [22,25,28,36]
in the Golgi apparatus, the active centrated in carti- endplate oxidative  axis links endplate ERS,
ATF6 fragment translocates to the laginous endplate; stress/calcification  apoptosis, and calcifica-
nucleus and induces the expres-  also expressed in tion; ATF6 is not the sole
sion of molecular chaperone and nucleus pulposus dominant branch at all
protein quality-control genes stages
caspase-12 ERS-associated Mediates the endoplasmic Nucleus pulposus  High mechanical Suggests transition from [24,26,31,33]

apoptotic me-  reticulum-associated caspase

diator cascade

and annulus fibro-

sus

load or maladaptive
stage

adaptive UPR to apopto-
sis; limited extrapolation
to human tissue
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bREY BRI A EEHLH TRAGVMMK BBy ST 5 TERAR B R BRI 275 30k
Marker Pathway/mech- Principal mechanism Main tissue/cell Stage/stress context  Significance in the pro-  References
anistic node source gression from degenera-
tion to herniation
NOXA BH3-only pro- Reduces MCL-1 (myeloid cell Nucleus pulposus Advanced stages and The PERK/NOXA/MCL- [35]
apoptotic pro- leukemia-1) stability, linking  cells/degenerative pharmacologic ERS 1 axis promotes nucleus
tein; component ERS to mitochondrial apoptosis nucleus pulposus models pulposus cell death and
of the PERK/ ECM degradation
NOXA/MCL-1
axis
NLRP3 ERS/ROS- Amplifies inflammatory cell Mechanically High mechanical/ Links ERS, pyroptosis, [18,22,32]
related inflam- death via TXNIP, caspase-1, stretched annulus  inflammatory load;  and inflammatory ampli-
masome and GSDMD (gasdermin D)  fibrosus, nucleus  intermediate and late fication; not yet a clinical
pulposus, and post- stages; post-hernia-  subtype marker
herniation macro- tion
phages
MMP-3 ECM-degrad- Degrades proteoglycans, col-  Nucleus pulposus, Intermediate/late Reflects ECM catabolism [10-11,17-18,22-
ing effector lagen, and other ECM compo- annulus fibrosus,  stages and after and structural damage;  24,31,34-35]
nents and granulation tis- herniation ERS-associated but
sue/macrophages in nonspecific
herniated material
MMP-13  Collagen-de-  Primarily degrades type II col- Nucleus pulposus Intermediate/late Associated with disrup-  [10-11,17-18,22-
grading effector lagen and annulus fibro- stages tion of the collagen 24,34-35]
sus network and reduced
compressive capacity
AD- Aggrecanase  Cleaves aggrecan Nucleus pulposus  Can increase in Promotes nucleus pulpo- [10-11,17-18,22,34]
AMTS-5 and annulus fibro- early/intermediate  sus dehydration and loss
sus stages and persist of swelling pressure; not
after herniation specific to ERS
Aggrecan Core ECM Maintains hydration, osmotic ~ Predominantly Declines early and ~ Readout of anabolic [7,10-11,14,22-24,
component pressure, and compressive nucleus pulposus; decreases further phenotype/function; best 31,34-36]
resistance also expressed with degeneration  interpreted with degrada-
in cartilaginous tion fragments
endplate
COL2A1 Type Il colla- Maintains nucleus pulposus and Nucleus pulposus Progressively de- Reflects ECM anabolic  [7,14,22-24,31,34-

gen-encoding  cartilage-like ECM structure

gene

and cartilaginous
endplate

creases from early to
advanced stages

capacity; reduction is not 36]

specific to ERS

EPREANFARE TR0 . AR EESAGfS , SR 2
PEAL RS0, ATPAS L4 I 55 7 F - A1 B 21
B DIRE, fEE AT B8 0 T S N M s AR ; H
EIPEA R ] 520 N-FE AL IR, PRI IR A B 1 5
PR RS O, [ B M T 4 i 2 R R T 1
e, ARG BRI, 2 R R FLER AR 5 I pHAE
TFE . BRAEIRET AT e QU A B 5T R O I
DR N 2T 8 N il G e R B U o B 7 et 7 .5
B B R S, ATHFEEE0E UPRS™. Jackson
SEVIRE SR I, ZARES A ANHURE B A ] FRARCAE R) 355 P9
2 BRI BE | 7 ol 2008 R R AT e A B T 2%

A 1) 2T B A QA ISE IR P J5 DR 288, AT B 23R
AR . Zhang5E MR, AR @I 5 Akt HAEH]
(e BEL AN TEE . SEACNI AR R AR AR, 3,
PR AR SRANF] SO 4 A pH, B AT N NS =
B ORI A3 A 5% 73 W3R 7 (senescence-
associated secretory phenotype, SASP).
3.3 FHRE. Lhirms S5 7SEEL
ROS7KF-T 1 AT B P4 Joit P S AL IR SRR 5, T
MM R A IET & . N BT A S 7R AL
Praid 2 h IR Al 4L ROS, ARy B AL I gt — 8T
i, TR AR — P ot R R -ROS FFAE B R IE
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PRIBCRIRER ), N R 52k 2 JA] ) Ca> it . 28
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SEEZ I AE T, NLRP3 20T/ MES S S A T 2
[ 285 3R A 98 5 JSK ) AL A



GRIEE: A5 0 S22 M ) i AR 5 R HOREJeE AO ML  B T Tt 2295

4.3 ZRAEINEE BRI S8 S5 A IR R ISR IR

P I D i B RS R B 4 5 ) i R R B 2R
WA & B W, A R B A A E
A HAE FL R i B R . AERRS N BECIRAE T,
Aggrecan I COL2A 1R IE K [FAK, 1 MMPsHI
ADAMTSsEIEKF-Thim, T 5040 i oh 2 5 A -
1087 1) 2R A T TR AR AS 0. 2 2 R 40 it 7E K A B ik
R P 5 RLBPE R TR AR T 3 KRR
AR, ERIADEE RS, NERRERE
RLAAER T AN R . R4 R RE T IR K S,
IR AR i A% 2H 2R AT 55 X BT RS, oA R T
() 42 45 P Ak 0 Yang %5 R B, AT B
S o R i Z AL AAG RO, SRR A R A R
i S AFAE 25 VI 2R, UPREF S 380 T (7] i 40 1) 42
JoT - SRR A T 2 Jo % AR I ik, PN JB I R BT AR
S AR T 2 T G b R A T AR B Al i 4m
FABET A BE I G . Wang %5 S0 78 R I, 66 o hfl 1
80 RTEOE Piezo 1 5 T N AR 72 HE (] 45 20 i 450k
LR O 3 2 AR T2, e MUBCIRCE B3 w3 i AL
PREBURR 25 7m0 . ST S A A A T B AR
HER B AR
4.4 RELRBRESEFEBIIR

B AR AT 2 PR ARAE R 358 7y B Re ), 2
IR R R EEBORA R . NN EA S5
R T SEE AL AR AL S 2 i 1
%RV 2 0 M )RR AR SR g, #E 2P
53 N BT REIEO e TR A8 o 2 i A M A Ak T miR -
31-5p/ ATF 64l Rt £ 4 i I 7T 3 s, ATF6 1]
FETEBR AN M N 8T S 5 P B R 4
LS ) 122 308 B PR I PR A B R A 3 2 4 AT 5
— IR AL, SRS 3 B JER S RN AT 15
AR A A M P o X R R T AR AR,
CSCRE AE [) 35 R B O 58 I A RS TR AR S TR AL 1 )42
WTE[GS]O
45 RUEFERMARE. ALERBSRERHIL

BERZ 20 23 T T YR 24 J5 P IB0 Jmy 50 G 158 S
BRI . SREDR R B AR I T BORT
2% YN A i ST G5R Ry 1 IN  11 LB Rg
10, E R B ] 2 5 58t 2H S, AT
RS I . (R, M B 8 37 B 5 9%
PRI B PR BN 25 T BRAR R A S A, T AS Bk
6 B 8 A R B 7 P O I SR R i i

12 R AN MR AL < R AN AR O AN o R i il 2 0
ZH5X %, HHBTHTFRIESE AL . Tkedas
WHE RN, IR 2 R A [ 28 2 SO S A
R B G A0 B, R I A R A P R B i g =
H5HLERR, V¥ BN 40 D) RE FT #¢ [F] N 5200 5%
IR MAURIT 28 S 11 7

FER RO R R 2 i P e A R
MMPs. ADAMTSsHE it B AR 2 5 2L 4H R 70,
IR TR I, 2R REAZ ) B m] R AR R R A R, A
FME RGS 5 REZ RO 7 5R kS5 I s %
SEVHIR 5 M PN B AR K R 5244 3(vascular endothelial
growth factor receptor 3, VEGFR3)Z& P B2 AT 451 5
RN B AL RNFERR, HINE R AAETY. XLEHF
BE— B UL R G A R s bR SR, 4
ZIUH I 5 JONE IR A B aS-F A g , It /e g
TR B 9 1) P 2 e L PT E SR BE MRS, T REAE B4
HPPZAR AL

I BB B TNF-ay TL-1B. IL-6. #iZ4:
KA F(nerve growth factor, NGF). IfL%5 W 4K
[X-¥(vascular endothelial growth factor, VEGF)%§
MR AR . R AIZ T (dorsal root ganglion,
DRG) #1470 J BB i Joa 240 Jifa 1y L[| 4R U2 £
B, 454005 1~3 di4 Il DRGH)
GRP78. CHOPHIXBP1s# kKT, elF202
T2 AL A 7] salubrinal nJ 5 #9585, 170 )= 30 5
5 ERSIU AT P A i o i 5 7, 4RI e T /IR A
JUERSW] REZ: 5 22 451475 J5 8 v B, (HZAIE S I
JE LDHAF M UEHE . LDHI R FE A FK BB A 1
IR FCR I, S100485 45 A 8 H A9(S100 calcium
binding protein A9, S100A9)AH %[ E g4 frum 1 74
B AL W] £ 58 DRGH# 48 T Ik I 52 44 LA PH 29 3 18
VIV 5% A% 4 1 (transient receptor potential cation
channel subfamily V member 1, TRPV1)%iA & Toll
Ff 5244 4(Toll-like receptor 4, TLR4)/NF-xB{5 51
5 i MAPK14/S100A9/Rac1/24 v ek /b < I A
KAT AU, HETHEZ A LDHH <R %) ERS-H
Wik 4 fg R 7S -DRG ERS-9& U5 2 284 ™ (1 9N [ FiK Xof HiF
i, PR AZ AL B SR T R i — 2D IRAIE .

g5 L, T R IORT AR D B S S BB DA
BRI SONE R R S 2 A BUR R R I
RN AL, WL S Aris AR 7RG,
HEZ)) A 1) A FH IR AR 1) R HORE V2 (R LRI 2).



2296 k-
1. Normal IVD (mtervenebral disc) 2. Early degeneration 3. Moderate degeneration 4. Severe degeneratlon 5. Bulging 6. Protrusion 7. EX"”S“_)"/
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Fig.1 Integrated mechanism diagram of endoplasmic reticulum

stress mediating the progression from lumbar intervertebral

disc degeneration to herniation (modified from the references [22-24,31-36,43-74])
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Table 2 The major mechanisms by which endoplasmic reticulum stress mediates the progression
of lumbar disc degeneration to herniation
Joq P gt Egie ESistl R T XF IR AR/ H R TR A Z2E R
Pathologic Cell type Key pathways Representative Effects on degeneration/her- Evidence References
process molecules niation source
Nucleus pulpo- Nucleus pulposus PERK/elF20/ GRP78, PERK, Reduced cell number and Cells, ani- [22-24,31,
sus cell apopto- cells ATF4/CHOP; ATF4, CHOP, BAX, anabolic activity; nucleus mals, and 34-35,45-46,
sis IRE1a/INK; BCL-2, caspase-12,  pulposus dehydration and patients 50-52,54]
PERK/NOXA/ NOXA, MCL-1 decreased swelling pres-
MCL-1 sure promote mechanical
instability
Autophagy Nucleus pulposus PERK/elF20/ LC3, Beclin-1, p62,  May be protective early; Cells and [24,39-40,
dysregulation and annulus fibrosus ~ ATF4; IREla/ ATF4, JNK, mTOR  persistent stress blocks au- animals 55-56,59]
cells INK; AMPK/ tophagic flux and promotes
mTOR cellular dysfunction
Cellular senes- Nucleus pulposus, CHOP/NEFE- p53, p21, p16, NF- Creates a chronic inflam- Cells, ani- [31,40,42,
cence and SASP  annulus fibrosus, kB; p53/p21; kB, IL-6, IL-8, matory and ECM-degrading  mals, and 49,56-57]
factor secretion  and cartilaginous pl6INK4a MMPs, ADAMTSs  microenvironment, propa- patients
endplate cells gating degeneration
Pyroptosis Nucleus pulposus ERS/ROS/ NLRP3, caspase-1,  Amplifies inflammation and ~ Cells and [32,45,48,
cells and inflamma- ~ NLRP3/cas- GSDMD, IL-18, pain sensitization and may animals 57-59]
tory cells in herni- pase-1/GSDMD IL-18 promote the post-herniation
ated tissue inflammatory microenviron-
ment
Necroptosis Nucleus pulposus RIPK1/RIPK3/ RIPK1, RIPK3, Cell rupture releases Cells [45,51,57]
and annulus fibrosus MLKL MLKL, DAMPs DAMPs (damage-associated
cells molecular patterns), promot-
ing inflammatory degenera-
tion and tissue damage
Ferroptosis Nucleus pulposus ERS/ROS/lipid Fe*", GPX4, Enhanced lipid peroxidation  Cells and [57,61-62]
cells and residual peroxidation; SLC7A11, ACSL4,  and oxidative injury may animals
nucleus pulposus Nrf2/HO-1 Nrf2, HO-1 contribute to degeneration
cells and postoperative recurrence
ECM metabolic ~ Nucleus pulposus CHOP/NF-kB; Aggrecan, CO- Reduced ECM synthesis Cells, ani- [10-11,17-
imbalance and annulus fibrosus  MAPK; IREla/ L2A1, MMP-3, and enhanced degradation mals, and 18,22-24,
cells INK MMP-13, AD- decrease nucleus pulposus patients 34-35,53-54]
AMTS-4/5 water content and compres-
sive capacity
Annulus fibro- Annulus fibrosus ERS/CHOP/cas-  Piezol, TRPV4, Lamellar separation and Animal/ [12,32-33,
sus structural cells pase-12; NOX2/ integrins, FAK, fissure propagation in the mechanical ~ 37-38,60,62]
disruption ROS-TXNIP/ CHOP, MMPs, annulus fibrosus create a models
NLRP3 COLIALl pathway for nucleus pulpo-
sus migration
Cartilaginous Cartilaginous end- ATF6/CHOP; ATF6, GRP78, Endplate calcification and Cells and [14-15,36,
endplate plate cells inflammation- CHOP, RUNX2, reduced permeability create  animals 63-64]
degeneration calcification path- MMPs, miR-31-5p a positive feedback loop
and nutritional ways between nutritional impair-
impairment ment and ERS
Post-herniation ~ Nucleus pulposus Macrophage CD68, MCP-1, May promote resorption of ~ Patients [17-21,65-74]
immune- cells in herniated recruitment/ac- TNF-a, IL-1B, IL- herniated tissue but can also  and animals
inflammatory tissue, infiltrating tivation; cyto- 6, SI00A9, TLR4, cause nerve-root edema and
response macrophages, and kine signaling; TRPV1, GRP78, pain sensitization

dorsal root ganglion
neurons/glial cells

S100A9/TLR4/
NF-kB; DRG
ERS; lymphatic
clearance

CHOP, VEGF/
VEGFR3
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