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Table 1 Dimensional analysis of exposure characteristics for ionizing radiation—induced lens damage
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Table 2 Comparative modulation of radiation exposure characteristics on lens damage effects

R2 AEES R REHEX BRI B 5 R R & 1 1E AXT L

RENEARE WA o He MRS GE S5k
TSR ELETSST  MLETHES AR RLETAR A USRS, RBESL BT} [23-25]
MEE  RONEE BRI R T ARG, B R [29-30]
WHEIGE  RCAPEIRI VOISR MOSMIENE SR AT WO IS T I 2, S it [31-34]
RUREE  WERR AR BURM A5, JRASICRPISERIAE, (ISHRK WA AR s (13, 22]

HEBR

LET: f5HE£%)% (linear energy transfer), RBE: FEXF A RHE (relative biological effectiveness), ICRP: [ B ) B 47 2 5143 (international

commission on radiological protection).

2 HEEEHSERRERGIIE

21 DNAHHiEERES TR

PR A A R A AR T T B DNA Bl i 7
SRR E R, SBURIR A T At A=
DNA X 4% Wy 2! (DNA double-strand break,
DSB) %0 H AT, # R fk 41 & A8 K H2AX
(gamma-H2A histone family member X, y-H2AX) .
53454 M 1 (p53-binding protein 1, 53BP1) Fi
B OAHRF AR IR Y 51 (RADSI recombinase,
RADS51) s2#) 1z TPl i B 4R 5 510 DSB
T HAE i BB A Wibn s 7 (B 1 a A2
). DNAMEKE 5 )17 BA B 050 e, 5
Z&5% T 20 mGy 5 100 mGy X H4& 5 i 40 itk 2 4
MIAREL, ZINERUARIRAA SR B2 - iz X BB 52 32 1]
T s € Q2 o A NI TR NG N 7 1
FHL124 fht SR SIS AY 70 B s I Ae 1k 7 it
A, HE SRR X DNA #it (18 2 A #2520
oAV ) i 838 7T 98 /D %R R IS K18 & 1 DSB 4L
o BRI, PSR MER B R R AL
N7 YFEREEARES, SR R 4 S3BPI
BB W, X I 5 sk e
2 i O 1) 7 e BB R A . Y

DNA $ii 113 S & 5 g T 32 it AL 8 e s . B
B/ NS s, 3% T Bt 25 52 DNA i
MBS, ANTE] A 2 ] ) DSB & & 8 58 K S FH N
PR R AR B 22 5 . IBANRIEY 1 (patched 1,
Pichl) MY B A& E 38 L H 4 FEH 2 (excision

repair cross-complementation group 2, Ercc2) 7%

% [40]

/N BB T TR G P 1 PR v g J ) (BT 1 a
). BRI, I RARS S, #5 Prehl £
PRI A (1 /N BRUATetR AR b iz Al S3BP 1 AR B T
%, Wil Erce2 B& H 9722 1Y /N BN H 30 58 /D i
53BP1 A B kT L, DNABERE)) Hisifs
W RZAFAEE M HOCER, P I [R5 i gt
PR N R S JEBAE o AT 2E B S 2O A,
Hh ] e AR S L X R, SRR B A M A Y
5K E % AF #E 1 (ataxia telangiectasia mutated,
ATM) F& R K b J@8 25 H 53 (tumor protein 53,
TP53) W HIRZENES Ktk 2T HN
B ) i A XU i A OC 0 (T L& a A ) o
AR B R A A IE—— AN B = BB RE
77, AFFXT RS A U . PR AR A 4
(EAGAET4if) AR AR, Ko+ 1
SR B SRR A LT A IR . L, AR
755 1) DNA 1 01 T 7E i AR AR 28U P R LR 7,
DNA 1& & B& Iy % ol 20 4 S 4050 4 R AR &2 O i %
Barnard 55 ™ 4 i1, SRR T Bz 4 M DNA 545
I 285 A B35/ 3 AR ML 22 8] W] e A7 7E Bh A1
iy . AR B B APR) S SRR A5 T, A 5 o)
AL AT g G AR, DNIMTHRIHE i 53 DNA 45 43 9 17
s, BRI, HETCT DNABE FERUHHEA N
B IE W B DIVE FHPLET B = RGERESY, HorF
PRI i — 2D
22 MENRSIIREKRN
DR AR 10 375 W PR T i A I3 1 B 1 o 44
Kot MU EACT RS . P RS Re s T
SRR AR, T & SRR,



2026; 53 (3

MR, % EERHHERERG . REFHE. NE-BEXRERSFIH

*691-

1A R IR Y B AL 2 — 1 AMAROKCE B BF
T R, SRR ANRERF AL, morgUE
K BPUE KT B RRAR (R [E F N BE
B (e SR TR G M) B Z B B3kt
MK IF TG

A RPN R GE 2 A S R LR 2 A OC
F 2 (nuclear factor-erythroid 2-related factor 2,
Nrf2) P45, Nrf2 il 75 5 2R A A M R v iR
FI IR, DAITZESF 240 i 9 A fbd - 7 B
58 W N, BT N2/l 20 F Jn & B 1 (heme
oxygenase-1, HO-1) i b {5 il i 7] i % 48 0

G PESE 2R (reactive oxygen species, ROS) HYiEFR
RETT, ARUORI SRR b e L 5 A2 S 7 2 1 4R
it = (B ERb) o eAh, AR RE
RN Z A EE B VI A BEAE ] o SRR R 2R R 15
FROS 7, MM SE0E JHHS ) K 1% A - «B
(nuclear factor kappa B, NF-xB) {5 5@, #F—
AT B IR AR b B 20 R R T R AR Ak T I R R
i) (B 1R b) o R N AR PT AL R S
e Rens O ifIA R P B & A S 2R,
TEHL B AR T SRR AR N A3 LA 5 TR
ABFE

o e MPBOT
A DT > PG
DNAH Al L) BS54 —> QDT
Il ) &b L
BERES T YV-HIAX $3BP1 Radsl %$E?’§§E§Eg%
Eka _>8 _|$@ EAE) 2
oy LR ¥ nmHon | P
e D DfRE L 0
(o @ ST
et - A AN ‘ . /) y
r o \ / ﬂ'f }_j{%f[ \*NF-KBj%ﬁiﬁ :’ glﬂﬂ@(}ﬁ]t
b o R A AN
N/ a) s o
%Q - oM . marki Ry w7
SN s rormornar RN AR el
SR S is, B ekt P s
7t ’u ey = J) Ha H A BETE 1L,
W SA-B-gal ATM
. WitiiE — (ERETE R bR AT R
éﬁﬂﬁ’@ﬁ% ﬂ“ TGFB2/FGF2 . PEE
BB S SRER — 3 =5k i s
ICAMI/ITGASMMP2/9
e \\i Fik il /\ A
| CDH2# 3% iR

Fig.1 Hypothesized mechanistic pathways for ionizing radiation—induced lens damage
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Ionizing Radiation—induced Lens Injury: Epidemiology, Dose—effect
Relationship, and Molecular Mechanisms’
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Abstract The crystalline lens of the eye is recognized as one of the most radiosensitive tissues in the human
body. While the International Commission on Radiological Protection (ICRP) has classified ionizing radiation
(IR) -induced cataracts as a tissue reaction (deterministic effect) and subsequently reduced the occupational
equivalent dose limit for the lens, significant uncertainties remain regarding the precise dose threshold and the
complex biological pathways driving lens opacification. This review provides a comprehensive synthesis of
current knowledge concerning radiation-induced lens damage, integrating epidemiological exposure
characteristics with dose-response modeling and mechanistic molecular insights. First, we analyze exposure
characteristics through four epidemiological dimensions: dose, time, space, and population. Clinical evidence
suggests that radiation cataracts—particularly posterior subcapsular opacities—exhibit a distinct latency period

that is inversely correlated with dose. We highlight that risk is not confined to acute high-dose scenarios (such as
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in atomic bomb survivors) but is increasingly relevant in chronic low-dose occupational settings (e. g.,
interventional radiology) and medical diagnostics (e.g., CT scans). Crucially, individual susceptibility is modified
by genetic background, age, and environmental co-factors, complicating risk assessment. Second, we critically
examine the dose-effect relationship. Although the ICRP suggests a threshold of 0.5 Gy, emerging data challenge
the traditional threshold model, with some studies advocating for a linear non-threshold (LNT) relationship. We
further discuss the critical roles of radiation quality and dose rate. High linear energy transfer (LET) radiation
demonstrates a significantly higher relative biological effectiveness (RBE) for cataractogenesis compared to low-
LET radiation. Paradoxically, and unlike many other tissues, the lens may exhibit an “inverse dose-rate effect,”
where fractionated or protracted exposures potentially enhance biological damage—a finding that challenges
classical radiobiological paradigms. Third, drawing upon the “cataractogenic load” hypothesis and the unique
physiological constraints of the lens, this review elucidates the multidimensional molecular mechanisms driving
radiation-induced opacification. Key mechanisms include four aspects. (1) DNA damage and repair: IR induces
DNA double-strand breaks (DSBs) that, due to the lens’ limited repair capacity (modulated by genes such as
ATM, Ptchl, and Ercc2), lead to the accumulation of damage. (2) Antioxidant defense system: dysfunction of the
Nrf2/HO-1 antioxidant axis results in redox imbalances, triggering NF-«B-mediated inflammation and protein
aggregation. (3) Cell proliferation and senescence: IR disrupts cell cycle regulation, causing a dichotomy of effects
—driving premature senescence in some cell populations (evidenced by ATM nuclear foci) while inducing
aberrant proliferation via growth factor upregulation (FGF2, TGFf) in others. (4) Cell migration and adhesion:
activation of the Wnt/B-catenin pathway and alterations in the E-cadherin complex promote the abnormal
migration of epithelial cells to the posterior capsule, a hallmark of radiation-induced cataracts. In conclusion,
radiation-induced cataractogenesis is a multifactorial process in which genetic susceptibility and environmental
stressors converge to overwhelm the lens’ homeostatic thresholds. Future research must prioritize longitudinal
cohort studies to refine dose thresholds and employ multi-omics approaches to map the crosstalk between DNA
damage responses and matrix remodeling. Establishing a robust mechanistic model is essential for developing
targeted radioprotective strategies and optimizing radiation protection standards for occupational and medical

safety.
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