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Fig. 1. Relationship among genotoxic, mutagenic, epigenetic, and carcinogenic potentials ®),
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Fig. 2. Strategies to reduce the use of animals in regulatory genotoxicity testing.
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YBEEARENEYIREA Y - @ - FF
% B K 3 Mk B BB R M BT &
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AR H—IE AL K MR - B r] DAZEHE
P % e IR OB - EH I IR
ERAL BERY B K 3 M B A R TR & 1
HIE - BEERFEMEEIA DNA BHFE
(DNA damage) » 7EAiifd 5 R EEBEEHH
AIRE PRI » —fist 1) 0% s 1) 5k KT 3 P A 3
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mutation) B 4 {1 & B %  (chromosomal
aberration » HL & RS PEAI B H MR 48) 55
BT - BS B R A S
DA SKIE R TE AR A4 S (endpoint) iy 26
—FE BB BUB R B EOK G3D e )
RS EE 2 EME M (Organization for
Economic Co-operation and Development,
CUN & OECD) #AmnyiABatas R -
A 5 HEGIM 9 THENY IS A BRI B
Betgs| GERFE—) -

K— - BRICRITAIEAN OECD ERFMHRIES
Table 1. Current OECD genetic toxicology test guidelines

R R NP G EL 3Rs JEA] 73

PR EER ARV 2 » 2288 (mutation)
FIESE  (cancer) ZANZKELAS 2 55 [RIAY A4 ¥
BN - 2288 U e A A AR TR R
K+ ([ —) » fREE LU — B K 55 1 i
AR 56 2 FEHI L2 P e P9 ST 1 v TR
58 B (potency) (9 50. 94 o Cooper ZF A
(1979) #2 Hi DL 7H #l & B (predictive
performance) Fi5 $iok b3 A [F]HY B (R 35 14
Al S TR R e B ) B A BE B0 YR TR RE
J1 RIS HAKERAT -

== og 56-57, 59-66, 68-71
BE )

(56-57, 59-66, 68-71)

Endpoint/test system

Test title

Test guidelines (Year)

Gene mutation

Bacteria Bacterial reverse gene mutation assay

Cells In vitro mammalian cell gene mutation tests using the
Hprt and xprt genes
In vitro mammalian cell gene mutation tests using the
thymidine kinase gene

Animals

Chromosome aberration

Cells

Animals

DNA damage

Animals

Mammalian Erythrocyte Pig-a Gene Mutation Assay

Transgenic rodent somatic and germ cell gene
mutation assays

In vitro mammalian chromosome aberration test
In vitro mammalian micronucleus test

In vitro mammalian cell gene mutation tests using the
thymidine kinase gene
Mammalian erythrocyte micronucleus test

Mammalian bone marrow chromosomal aberration
test
Rodent dominant lethal test

Mammalian spermatogonial chromosomal aberration
test
Mouse heritable translocation assay

Unscheduled DNA synthesis (UDS) test with
mammalian liver cells in vivo
In vivo mammalian alkaline comet assay

OECD 471 (2020)
OECD 476 (2016)

OECD 490 (2016)

OECD 470 (2022)
OECD 488 (2022)

OECD 473 (2016)
OECD 487 (2023)
OECD 490 (2016)

OECD 474 (2016)
OECD 475 (2016)

OECD 478 (2016)
OECD 483 (2016)

OECD 485 (1986)

OECD 486 (1997)

OECD 489 (2016)

Note: The information presented was tabulated by the authors as of March 28, 2025.
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Table 2. Validity of carcinogen screening test (!>

In vivo carcinogens

Test outcome Total
Yes No
Positive a b atb
Negative c d ctd
Total atc b+d N=at+b+c+d

Sensitivity = a/(atc)
Specificity = d/(b+d)

L B E  (sensitivity) © B AISUE P AE A
R 1 Al B 1 B S SR LB BT
2. 1% (specificity) @ JEBUEYIAEH K]
B RS R Re e M S FER LB

3. BR5 M (false positive) : JEEEYIAE R
PRI 1 Bk B el SR o [ 1P [ Y L A8 5

4. et (false negative) @ BEYILE K
RS R R P R FER LR

5.8 METEMEIJT (positive predictivity) : 1k
B A B R o e A s SR R B 1 I L
e R By LL il

6. (& E:TFEHIJT (negative predictivity) : b
B R R A R R et O B
HIHEA 2 BUFEYI EEBT

7. BEATE (prevalence) : £ fT A e Hl{L 22
Yy BoE I PTG R LL -

AR b BRI AR e S
UK =B —1 - B RIFG T K&
PR - (BAEBLEHE b - IR RS
JiEHRE e R LR EEK - B A EX 5
PEEABEREL - R B — Ry - DI
BB IRELY L SRR R
HUEER % - A ER —FE - R
i+ EHREY S LGV E RS - &

False positive = b/(b+d)
False negative = c/(a+c)

Positive predictivity = a/(a+b)
Prevalence = (at+c)/N

—MERKRBG MR - hRRAER R E
SEVIE > RIHEEr IR 8 28 B K 5 1 AN A
BRRGTERS R - TiE R AP R IE
GYIEEY) > SR LT TR R R AE)
VI B 1 B R MR RS - 35 B SEST
BIHEE it e R BN S WA TS
LIy o DUN i st K 5 e Bl B A 2
3Rs TR - AEFETTEBEYERE PEATIRIR - 3R
R R ERAE Pk i H AR -

R 2L A 3 TR GABR B 3Rs SRR

— [ R 2L A e R DN i 1 ol B
BB R

MRA Y — T s % TE g I K 5
TEHERH 2R MRS R - S E R A HoA
B2 IMEHITTCAN - BT REME — P BERELT
e PR R 1 Sl T B SO e 1 A
B o DURRAL S ARV R AR - AR A
GBI RER 5 O T SORE - ey B S v 1
Sl B — B RS SR IR LA 22 B
FHBME - # R 2 Fe (Rl i B2 FEFE R 1
PERZJE - FH Metthews 55 A (2006) (48) 4347
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RERHERAE N L ER R EEHYIEE 40 -

(in vitro chromosome

(—) ¥ 40 M 5 2 v ol 6 o ARG Y
AL )1 (oxidative stress)

R R NP HIEAEL 3Rs JEF] 75

BN EREAN (25 E 1-10 mm
Hg) @ #24 MM ET B ER T AR B LA &0
EGEE (95% 2R 5% COx -1 TR
% 150mm Hg) ~ #{7E5E KAl /T &H Ak
A& (#1420 Dulbecco’s modified Eagle’s
medium (DMEM) R K &6 = 885k
T (Fe(NO3)s) Hi7d) MALERVIAR G 5oy
ATEE (PP IMEL (ascorbate) BEHH
s %H (flavonoids)) B4 # b AiEEY) {F
H  (pro-oxidant) » %5 5 & 4 AL F W
(oxidation) % - |3t J5 (K35 5y 2 A i Ak
%, (hydrogen peroxide, H20,) B¢ H filiiE
& Y)E (Reactive oxygen species, ROS)
BIERIFRYIREE - B IAH AR B9 AL R T
GO o fR{E Long % A (2007) WF5EtaH: » 1E
e LE 5% 3% ¥R Bd /7 41 DMEM+Hepes -
RPMI 1640 ~ McCoy’s 5A & William’s E

K= BEERSMHEEARKRRARH ARG PHTDA AR E @

Table 3. Comparison of the predictive performances of genotoxic studies at different endpoints

and test systems “®

Total CAR Predictive performance (%)
Endpoint Toxicological test system
Chem. Conc.)  Sens. Pos.Pred. Spec. False Pos.
Gene mutation  Salmonella 988 62.9 49.4 76.4 80.3 19.7
Escherichia 192 68.8 68.8 81.5 68.8 31.3
Hgprt (CHO/CHL) 237 63.3 59.3 83.9 72.9 27.1
Mouse lymphoma (L5178Y) 460 59.3 70.9 62.5 442 55.8
Rodent mutation in vivo 112 57.1 48.9 93.5 87.5 12.5
Clastogenicity =~ Chromosome aberrations in vitro 673 58.7 553 67.1 63.3 36.7
Micronucleus in vitro 97 70.1 87.3 75.6 23.1 76.9
Chromosome aberrations in vivo 201 53.7 35.0 70.7 79.8 20.2
Micronucleus in vivo 437 55.8 43.1 72.0 74.9 25.1
DNA damage UDS in vitro 175 59.4 47.5 87.7 85.5 14.5

CAR, rodent carcinogenicity bioassay; Chem., chemicals; Conc., concordance; False Pos., false positive; NTP,
National Toxicology Program; Pos. Pred., positive predictivity; Sens., sensitivity; Spec., specificity.

D Concordance is the fraction of both positive and negative results that are correct.
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Table 4. p53 gene status and metabolic competence of commonly used cell lines and primary cells

in genotoxicity testing

Cell Origin p53 status Metabolic competence Reference
Cell line
L5178Y Mouse Mutant Incompetent 87
V79 10
CHO Chinese hamster Mutant Incompetent 36
CHL
TK6 Human Wild-type Incompetent 92
HepG2 Human Wild-type Limited 28,51
Primary cell
Lymphocyte Human Wild-type Incompetent 54
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By [KIE H BL R B PE ARG SR+ Rk A2 % R
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Table 5. Methods and formula for measuring cell proliferation and cytotoxicity in genotoxicity
testing @471

Replication index (relative Replication Index, relative RI) - MN with Cyto B
Approximately 500 cells per culture were examined, for proportions of mono-, bi- and multinucleate cells.

_ No.of binucleated cells +2 x (No.of multinucleate cells)

RI
Total Number of cells

RI of treated cultures

X
RI of vehicle controls 100

relative RI (%) =
Cytotoxicity (%) = 100 —relative RI

Cytokinesis-Block Proliferation Index (CBPI) — MN with Cyto B

CBPI indicates the number of cell cycles per cell during the period of exposure to cytochalasin-B.
Approximately 500 cells per culture were examined, for proportions of mono-, bi- and multinucleate cells.

[No.of mononucleate cells] + 2 x [No. of binucleate cells] + 3 X [No.of multinucleate cells]
[Total number of cells]

CBPI,,, — 1
CBPIcﬂntrnl -1

Mitotic Index (MI) — CA with primary culture of lymphocytes

CBPI =
Cytotoxicity (%) =100 — 100 x
No.of mitotic cells

MI (%) = 1
& Total No.of cells scoredx 00

Ml;ps

Cytotoxicity or cytostasis (%) =100 — 100 X ———
Mlmmtrnl

Relative Population Doubling (RPD) — CA or MN w/o Cyto B

No.of Population doublings in treated cultures
No.of Population doublings in control cultures

RPD =
Cytotoxicity (%) = 100 — RPD
Population Doubling = [log(N/Xo0)]/log 2, N = mean final cell count/culture at each concentration, Xo = starting (baseline) count.

Relative Increase in Cell Counts (RICC) — CA or MN w/o Cyto B

Increase in no.of cells in treated cultures (final — starting)

x 100
Increase in no.of cells in control cultures (final — starting)

RICC =
Cytotoxicity (%) =100 — RICC

Relative Cell Counts (RCC) — CA or MN w/o Cyto B

Final cell count(treated)

= 100
Final cell count(control)

RCC

Cytotoxicity (%) =100 — RCC

MN, in vitro micronucleus test; Cyto B, Cytochalasin B; CA, in vitro chromosomal aberration test; w/o,
without; No., number.
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FRESRRFRE ST o T AR A A b e A ik FU oy
Z At (senescent)® 76 D) o FHiE A 17 G i
{LRUAENE - i LRy SHE i 82
BRI K LRI MRS 25 £ K (anchorage-
independent growth) {FZ &9 o {£ 3Rs 1Y

£ STEMMI (AR L Ol

JE2RFE - o ORI R 2 e
DEINEAE R - HRTEEH - —E8E
TRALAYHHIE E #1724 50 2 100 CTA
A - BB HHYBERAE2EEE=E
(EURL ECVAM) &Ffli » & SHE CTA #R

Table 6. Comparison of three cell transformation assays ¢! 4458

Cell transformation assay SHE Balb/c 3T3 Bhas 42

OECD Guidance No.214 (2015) No.149 (2011) No.231 (2016)

EURL ECVAM protocol DB-ALM No.136 DB-ALM No.137 DB-ALM No.156

(2005) (2004) (2012)

Sampling /Culture time (day) 7/9 3/31 Initiation: 3/21
Promotion: 10/21

Platform 60 mm dish 6/96 well plate 6/96 well plate

High throughput No Yes Yes

Cell type Primary cell Cell line Cell line

Carcinogenic endpoint Initiation Initiation Initiation/promotion

CTA: Cell transformation assay, SHE: Syrian hamster embryo.

KT ARB(CHABEARAXRERNBESBYEEY < TRR MR LE ¢

Table 7. Performance of cell transformation assays in predicting rodent carcinogenicity ¢% °0
SHED
Performance of CTA BALB/c 3T3 Bhas 42
pH 6.7 pH>7.0

Number of chemicals 88 204 149 98
Concordance? (%) 74 85 68 78
Sensitivity (%) 66 92 75 73
Specificity (%) 85 66 53 84
Positive predictivity (%) 88 88 77 86
Negative predictivity (%) 62 75 50 69
False positive (%) 15 34 47 27
False negative (%) 33 8 25 16

CTA: Cell transformation assay, SHE: Syrian hamster embryo.

D Although some differences exist in the performance characteristics between the two protocols, their

overall performances are considered equivalent.

2 Concordance: agreement between rodent carcinogenicity and CTA result.
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Comprehensive Overview of 3Rs Strategy in

Genotoxicity Testing
Hsin-Yi Lu!", Yen-Yun Lee!

Abstract

Lu, H. Y. and Lee, Y. Y. 2025. Comprehensive overview of 3Rs strategy in genotoxicity testing.
Taiwan Pestic. Sci. 19: 69-95.

Carcinogenicity is a critical health concern in the development of new compounds and
chemical safety assessment. However, using a two-year carcinogenicity animal study as a
screening tool is neither ethical nor cost-efficient. As such, genotoxicity assays have been
developed as short-term tools to predict tumorigenic potential and are now mandatory for
chemical registration, significantly increasing the burden of regulatory testing. To address
these issues, the European Union Reference Laboratory for alternatives to animal testing
(EURL ECVAM) has proposed strategies based on the 3Rs principles (replacement,
reduction, and refinement) to minimize animal testing in genotoxicity and carcinogenicity
studies. These strategies aim to reduce false positive results in in vitro genotoxicity assays,
optimize existing mutagenicity tests, and develop new alternative methods for non-
genotoxic carcinogenesis pathways, with an overall goal of improving the accuracy of
carcinogenicity predictions. This report discusses the theoretical basis and limitations of
genotoxicity assays in carcinogenicity prediction and explores actionable 3Rs strategies that
testing facilities can adopt to enhance both ethical and scientific aspects of genotoxicity
testing. These strategies, ensure compliance with regulatory requirements and improve risk
assessment reliability.
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