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Abstract

Background and Objectives: 2,4-D-dimethylammonium is a widely used herbicide for controlling broadleaf weeds
and sedges in aquatic environments. It is also utilized as a plant growth regulator in dicotyledonous crops to
enhance crop productivity. In Thailand, it is one of the most extensively imported herbicides, ranking third among
agricultural chemicals in terms of import volume. Owing to its widespread application, residues of 2,4-D-
dimethylammonium are frequently detected in the environment, particularly in soil and surface waters. This study
aimed to evaluate the toxicity of 2,4-D-dimethylammonium in Nile tilapia (Oreochromis niloticus), a freshwater fish
species widely distributed throughout Thailand. Specifically, the study investigated acute toxicity, cumulative
mortality, morphological alterations, oxidative stress responses, hematological changes, histopathological lesions
in major organs, alterations in protein profiles, and acetylcholinesterase (AChE) activity and protein expression,
which are recognized biomarkers of exposure to 2,4-D-dimethylammonium. The findings provide new insights into
the toxicological mechanisms underlying 2,4-D-dimethylammonium-induced toxicity in Nile tilapia.

Methodology: Adult Nile tilapia weighing 150-200 g were used in this study. Acute toxicity was evaluated by
exposing fish to five concentrations of 2,4-D-dimethylammonium (33.60, 42.00, 50.40, 58.80, and 67.20 mg/L),
together with an untreated control group. Cumulative mortality was recorded at 24, 48, 72, and 96 h after exposure.
The median lethal concentration (LC,,) was estimated using probit analysis. To investigate sublethal toxicity, fish
were exposed to a non-lethal concentration of 2,4-D-dimethylammonium for 28 days, and samples were collected
on days 0, 7, 14, 21, and 28. Hematological parameters, including hemoglobin concentration, hematocrit,
erythrocyte count, total leukocyte count, and differential leukocyte count, were determined to assess physiological
and immunological responses. Morphological abnormalities were documented throughout the exposure period.
Oxidative stress was evaluated by measuring the activities of the antioxidant enzymes: superoxide dismutase
(SOD), catalase (CAT), and glutathione S-transferase (GST). Histopathological examinations of the gills, liver,
intestine, and stomach were performed to assess tissue damage. In addition, protein profiles, acetylcholinesterase
(AChE) activity, and AChE protein expression were analyzed using SDS-PAGE and Western blotting.

Main Results: The results demonstrated that cumulative mortality increased with increasing herbicide concentration

and exposure duration. The highest exposure concentration (67.20 mg/L) resulted in 50% cumulative mortality after
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96 h. Sublethal exposure induced progressive morphological abnormalities, including scale discoloration, fin base
swelling, fin erosion, and hemorrhagic lesions, all of which became more severe with prolong exposure. Oxidative
stress analysis revealed significant increases in SOD, CAT, and GST activities with increasing exposure times,
demonstrating an elevated production of reactive oxygen species and activation of the antioxidant defense system.
Hematological analysis showed significant reductions (p < 0.05) in hematocrit and eosinophil counts, suggesting
physiological stress and impaired immune function. Histopathological alterations were evident from days 7—-14 after
exposure. Gill tissues exhibited epithelial hyperplasia and lamellar aneurism, whereas liver tissues showed
hepatocellular vacuolation and degeneration. Intestinal tissues displayed microvillar lesions, epithelial damage, and
villus swelling, while stomach tissues exhibited epithelial erosion. Protein profiling and biomarker analyses of muscle
tissue further revealed progressive decreases in AChE activity, total protein levels, and AChE protein expression
with prolonged exposure.

Conclusions: The findings demonstrate that exposure to 2,4-D-dimethylammonium adversely affects multiple
physiological systems in Nile tilapia, including external morphology, hematological homeostasis, oxidative stress,
tissue integrity, and cholinergic nervous system function. The observed hematological impairment, oxidative stress,
histopathological damage, and suppression of AChE activity collectively demonstrate the systemic toxicity of this
herbicide. This study highlights the ecological risks associated with 2,4-D-dimethylammonium contamination
in aquatic environments and underscores the need for responsible herbicide management, continuous monitoring
of water quality, and the development of sustainable strategies to prevent chemical pollution. Collectively, this study
provides valuable evidence for environmental risk assessment and advances scientific understanding of herbicide-
induced toxicity in freshwater fish.

Keywords: 2,4-D-dimethylammonium; herbicide; tilapia; aquatic ecosystem; biological indicator
*Corresponding author. E-mail: witchuda.p@dru.ac.th
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(2,4-D-dimethylammonium 84% W/V) adlutaldsaBunnuminiy 40, 50, 60, 70 wav 80 lulAsamns/ans (AANAAL)
WSauifienfunguasuauildldfuans iedAnmszduaanudlufiuiiinnn 24, 48, 72 uas 96 9aluemuansiy
IneTufingmsnisaneazanuaz 19n1s3asnzsfinedn (Probit analysis) Ussifiussdunnududuiinanisnne "50%
(Lethal concentration 50%; LC,,) taeild Minitab® 17 software (entitlement i.d.: 2ec6-9637-1508-0264-2¢55-c33)
wazlddayadnadeannuuinianismaaeuaisivelulan (Fish Toxicity Testing Framework) 284 OECD (2019) Tngins

o o

o A - , oA 1=l A § v
symssnerestatazdunaeinisantaiukuiaavieniindeulu uazliinsmevuaueaialddandudia
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n’;sﬁnqu”nwm:ﬂ”mg’)u?wm

ma‘ﬁﬂmﬁﬂwmzﬁmgmﬁmwmﬂmﬂ@ﬁiﬁ?ﬂﬁuﬁmwﬁﬁm“mﬁm 2,4-D-laAanenisiilan innns
ﬂi:Lﬁuma‘Lﬂ?q'ﬂut,mmﬁﬂwmxﬁmyuﬁwmmﬂmﬂﬁjmﬂmﬁ@mﬁﬁ*umﬂua‘:ﬁrﬁ’umwLﬁuiuﬁvlaiﬁﬂslﬁtﬁmmimﬂ
A4 1/10 2849A1 LC, 71981 96 F2Tus (Ramesh et al., 2018) Wrsuiauiunguatuax (Mewldiuans) F98n 0, 7, 14,
21 uay 28 Tu Tasdunaniailasuuassing y iAedu Idun n1savasiiams N1INQALBUNAA N1TNIDULDIATL
MIAALNALNA NNILNTadEaIEe WaznTAnANEen

n17ATIEiA lalinanen

193RI N e RRI N1 N1 BN IR LAUBIABAINNLATEANINETIINENT9a e TneLfuLaen

o o A

dl 1 Yo Gl 1 o %3 zl/ [~3 o/ 1 A dl Yo o o
anndaf ldlasuansurenaunnaeaanuau 3 fa arnduiudledaaananndaiilasuaisnisndsng luseay
M i g a . o L o e evse o e N
PldnaliiAanisnie (1/10 289A7 LC,, Maan 96 GaTwe) Naan 7, 14, 21 uaz 28 Ju uasl@suduiaansnidndan
2,4-D-lonudiananTudian nafiusaatnviaanaintarfialagiiniaaulnelduiduniung 120 Hadnin/ans
(Simdes et al., 2010) \iusataaananuanndannlLnnennedaningldnszuanansntasidunangingin
¥mfamenfia (Disposable needles) 21u1A 24Gx 1-1/4 Tia (0.55 x 25 NAALNAT) LANA19Ta9i1N17ud9f2891880
133104 0.1 RAaAAMT UAIANNLALLABALAININ1T0EALTNEEN UL ALAAAILULEUAlaRa1WW 1 NeA NIN1T
alsfiaenuuuiualas diuiaeaiuaeldaslunasniianstiesiunisudesiareadan (1% EDTA) a1uqu 5 uan
HANABALATA1TATAE 1% EDTA Midniu iiuideni ldiline ldAinszsidnTalininensing <) Sedsznausan sz
#lulnadu AN NTUYDUAA ANLEALADALANLATLIIALAEATIY LATANITATIARLUATRAYBILTALASATNI

ANNATN13284 Thanomsit et al. (2020)

N19ANMINIILUATEIARANTIATI

nnsAnEINzLAERaenTLAdY (Oxidative stress analysis) Tutlanfiafldsuduiaansindnsaits 2,4-D-
TowdananTudan Tnadnfanssunaenlalsiiuayyadass 3 9la loun tauwladgiilafaanlasd Aalaina
(Speroxide dismutase; SOD), AzmLa4 (Catalase; CAT) LLmn@.miﬁTﬂu BA-NTIULLNALTA (Glutathione S-transferase;
GST) Tnain1sdananssnveseulaiainnisann eiewtentesanmadinisues Thanomsit ef al. (2025)

nl' dgl d’
N9sUALIUIRIURLB LA

= = & A a | Y a & A J = & A
nsAnENalasullasaasilaiEe lulatautveanidudusaunisiiuilaite tazdunauniaaTasLiaLee

P < 2 a & A4 o & o N . o . . vo o
NBANSET BIAURNBUNTINULUBLED m”l,cv’ﬁ,mﬂmummwﬂmumnqmz 35N @WﬂﬂQNﬂQUﬂNﬂﬂuvlﬂ?U@W? (o °]J’JI§N)

wazngunaaesi dfudndaaisnidandane 2,4-D-lnwmiauenlantiean luszduilineliiianismne (1/10 2e961 LC,,

a0 96 dalu) 1luwaan 0, 24, 48, 72, way 96 d9lud Tnsnnraaulaisatnude dndantivelfusaatinaiiaite
= o o N 5 e o & & A o Vvl |

widen fu anld waznsziwizenmnsaesdatiiauuniariuds ihdwidaidenndaudsliiaunamanzanuazutly

@198¥A"8 10% Phosphate buffer formalin tvaaan I 1iluaan 24 49Tus 1iungomnil 4 aeAaa 1T s
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dumaunamTaiete dnialdeniusnelu10 % Phosphate buffer formalin fin liNawnALlszany 3-4
- - 4 . A SR o ¥ _
Hafwms iaaNn90ussaaslundy (Cassette) aaniiuunidatialiliiunszuaunishanean (Dehydration)
[ s o N A A, [ I3 a : o I3 | @ ~ [
Fauaanages wiiiaiiadunrruaunnsudanndelunfannisfluman (Paraffin wax) wazstudanudiduine 1w

Wi udesn 1faTesdniiaitio (Microtome) Anuaannisiulilausiuusaun 4 Tuaseu uazinliaasuuingu

1
= a a

Pgungi 45-50 asAadas neuwtlzasunndualas wartinllaungungdl 45 asataidous e lisaednsingia
wiualadlan anntuinalaslldrannsmiuean (Deparaffinization) uazfiandiialiiiiulnsaaiiasig o faed
fumandau (Hematoxylin) wazdladis (Eosin)

=2 a aa a
n9ANII 71 uy1Yeali /21 WAZNITUAANEBNYBNETNA [AALDALYALIA

ﬂﬂﬁ‘LﬁUﬁT’l'ﬂEiNLﬁ'ﬂLglfaLﬁ’ﬂﬁﬂﬂ’]gﬂLLUU%I@QI‘]J?ﬁuLLﬂxﬂ’]?med'ﬂ@ﬂ"ﬂ'ﬂ\i’ﬂ:ﬁ%ﬁﬂtﬂaummLVl’aLﬁ‘ZQ AnLlagaIn
33015999 Khanchanasal et al. (2022) Tagnfuiieiiadiundruiieseslafiaunldlunagmainimesia PMSF
0.1 Tuanfitesnmanim 14 Homogenizer afatiaiiia udavi luiusiesiinanaiiasey 5,000 rpm 1fhuaan 60 17
I4nannlulasfinlliindeudan 10% PMSF iugnsdanladnuumiteldlunsinenTusiuse 1y Taavh lUdn B
TU3RUMINATNN9U99 Cantawon et al. (2024)

nadnegUuunaesidsiiuainianiia 1dinatin SDS-PAGE uay Western blot Tnenisasrefinau o
TdsRunaaanelfimnududu 4-8 Tulasnsu/lulasans Aae PBS (pH 7.2) naniuansazanefaasing (2x Buffer)
wdarianuenldsfiulaeldnszualiingaeiases miniPROTEIN® Tetra Cell n3zualniin 110 Taast Ineld Separating
gel 10% WAz Stacking gel 4% ﬁWLLNuLﬂafa@ﬂmﬂqmmmﬂLﬁfazﬁvammdﬁmm Bromophenol blue IARRUAAIEIUAN
184199 W lfanTisAu Aqe@ 0.1% Coomassie brilliant blue R-250 WaTAN988NF2E Destaining solution Tunnua
LmuTﬂiﬁuﬁwmﬂ?‘ﬁuL‘ﬁﬂuﬁuiﬂ?ﬁummﬂmﬁmmmmmim@q@ (Pre-Stained protein ladder, Cleaver Scientific,
Thailand) AruAaTiAnEINTLaAIeeNTaeETialnauaine s [inaTla Western blot TagtiN LA AT NN 1N

a

lsRusaninatin SDS-PAGE uazdalilafand freldsmuanuiuaasinszanwlulnstaglas daemaiin Semi-dry
transfer rusuaLsuud lununsassTuiue 5% Tu PBS udathinuiumueanudluinalaaueaueufivedianinis
sinazifialpfuiaaneLsa (PAD-ACHE) 130and 1:200 ilunan 12 dalue deueufiveddaiudanansazans 0.5%
Blotto daluuaufivedfafiaasie GAR-HRP uaan 3 9alue deueufiveddouiu uazieenudluaisazans
FuainTnAe 0.03% DAB, 0.006% H,0,, 0.05% CoCl, ifluaan 3wl dredaeiimans 1 afs asaguavlusiudily
HALANALLAUALSR ﬁ?ﬂmmmﬁwﬁﬂmL@Q@TmLﬁﬂuﬁuiﬂ?ﬁummgm

NUATISYNINATA

dl 1 a v 1o =2 dl =1 A =2
mami‘v}mm‘wLﬂumg@mﬁ?ﬁmm Iaun smsnnmnaazan nsAnEnnnddnullasredniaan n1sAnEn

n19nanuaedeulas CAT, SOD waz GST U3unaulisAusqanlundinitlanazianssnaedianlaiazdialnan
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wamairaldnisiinmziaainutlslsauuuy One-Way ANOVA NszuAnaidiadu 95% wazilFauiiauAanuuanmng

5enINNGNALEAE Duncan's Multiple Range Test (DMRT) tnerldlisunss SAS University sedition

Results

N17ANEATINTAEIASAN (%) UAS Lethal concentration

nsAnEdnsNIsansazanveslanfian lsuduiaiuansindndaieg 2,4-D-lawmAiauenTuiilun wudndman

o Y o v . 4. Lo e
nsAsaraiinIuANANdiduLazszaviaafidanlafuans Tnanudnsnismaavann 24 dalus fanas
10.0040.00 D4 36.6745.77 WATWLARIIN19ANEATANGI4A 1uLaa 96 Falus NAanududu 67.20 Aadniu/ans
wudnsnIsensazanwiniuiesas 50.00+0.00 Tuaneiganruaui ldiuanslinunismansenszazinanivinnig
naaasfe 96 Galua (Figure 1) InaiAn LC,, iaan 24, 48, 72 uaz 96 21w 1inriu 105.54, 91.70, 80.25 Uaz 78.94

o

LAANTN/ANT ANAAL

_.100 - Concentration

§ ®m0 mg/L

> 80 - g

'5—3 @33.6 mg/L

E 60 1 e @42.0 mg/L

L 40 A d d e d d

2 c cd becd be cd ®50.4 mg/L

a5}

S 0] Bc |-|-| b be b b 058.8 mg/L

S b

3 K D-I a m a |+| a|+| 067.2 mg/L
24 48 72 96

Time (hour)

Figure 1 Cumulative mortality rate of Nile tilapia exposed to 2,4-D-dimethylammonium at 24, 48, 72, and 96 hours

miﬁnmﬁnymm“mgm%m

nsAnensilasuulasdnignuianensesdanilaile lAfududaansindndaie 2,4-D-lnnfiauenluilen

Tuszaudlainenisniafe 7.89 Nadniu/ans uameds Figure 2 Tnamuniailaauulasdnenizdug winenuinaumiy
sraizinaN sududa Ineilalasuanndwaan 7 54 UarazBuianutalnfdntesnuinaanfitdtnas aauly
BINITBNAULBY NIANLURATLED (Necrosis) WAZTWLAINITATUNIBANTEE ANN1LHDLIA1 14 J1 WUAMNRALUNR
o & a4 a X A a ° 2 a o o A 4 = ~N 8 A a a o
WNAY A UFniletiaaTugninanaxnnay Bonilsdauneqe WaiiielauaTuuan uasianaentisianaiudies

a 1 ‘dl o 1 j dl = o ndgl i’/ = o = = £
wazATUeN dauilioan 21 Junudiilaidiarsugninatanindulunanadeu apTUNAY ATUWNUAZATUVES N1TUAN

X o4 2 x g X 4 - . X 2 . d
29900 HANTY INAAUAA LazIEeLEAIUATULAANNITTLNUAININTY 42UP0aT 28 41 NUNITLABNANINT Y

A A \ = ) = = ! @ o o s A a o o
LuﬂLﬂ@@ﬂq\ﬁ:uLLﬁ‘ﬂ ATLYNNNIAU Wael ATULANYLYNN INAATALFAITA NANLARALTIIUANEN
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Control

Figure 2 Morphology studied in Nile tilapia exposed to 2,4-D-dimethylammonium at 0, 7, 14, 21, and 28 days

d‘ =3 =
N9sasuLlagaduALans

nsAnENIaasunlasressiaidanlulatan lasuans 2,4-D-lawdanenluion luseaunldlinaline

=3

N19518 (7.89 AAANTN/ANT) WUIAIANNTNTUIB9AeR LaslFu1aidnlaan19ia Eosinophil lulannlasuans

o

FIWELIAT 14,21 way 28 41 uAnf19aINgAAILANDENHTE1ATY (p<0.05) Tnaduualdnanasiielasy

o

anadunannudy %'whmﬁmim%ummLﬁﬂmlummuquwhﬁu 31.65+0.64% lullanlduansnausiinan 14, 21
WAz 28 1 A1 30.55+0.21%, 29.90+0.28% WA 29.40£0.14% ANNATAL WAZLBu1LAIRaAT19T7RA Eosinophil
lugaAruAuEi AN 3.12£0.01 15867100 1ad dauluanildfuansdausinan 14, 21 uaz 28 5 winfu 3.0040.02,
2.88:0.01 WAL 2.72+0.07 L9AF/100 iad muddL douElulnadu Wunnudadesuss uazfiadennaiiad o

o o aa

134'mem'wmm;mmuﬂmﬂ'wﬁﬁﬂmmmmmnm (Table 1)

N1 Yee 1 [T lun19sAT AR AN TIA T

AsAnEINNIiNeuaeeuls CAT, SOD uay GST lutlaniafildsuans 2,4-D-laniiauanluiiiey
Avnadiudy 7.89 Ta@niu/ans fitaan 0,7,14,21 U8y 28 U wudnRanssuaesaulnite 3 HafinTwileldsans
2,4-D-lawufiaunenTuilas unaunan Iefanssuaaaeulsl CAT uas GST Alg5usnsdunan 7,14, 21 ua 28
U LLmﬂﬁmmmmﬂququﬁﬂuiﬁa*umﬂi@?jﬂqﬁﬁﬂﬁﬁﬁ”ﬂ;mmaﬁ (p < 0.05) TnelAnaae AL 0.58, 0.69, 0.91 uag
1.19 gfi/Aaaniuusiu uazfanssuaaseulsd GST windu 0.79, 1.06, 1.37 uay 1.60 ulasTuaaniiingu muaisu
daunanssurasiaulisd SOD wumNNLANFANsaNTladAtynI9aia (o < 0.05) Li‘i@Lﬁﬁuﬁummuqu‘mﬂmﬁiﬁu

ANIFUALIAN 14, 21 uaz 28 Tu TnadlAnwiny 0.83, 0.92 uay 1.13 gila/Aaaniuliseiu auansu (Figure 3)
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Table 1 Abnormalities percentage of the blood cells in Nile tilapia exposed to 2,4-D-dimethylammonium at sublethal concentration

at0, 7, 14, 21, and 28 days

Hematology Differential (count /100 cells)
Times Hb™ PCV Rbc™ Whbc"™
Neu™ (Seg) Lymph™ Mono. "™ Eos.™
(gm%) (%) (10%/mm) (10°/mm)

13.05 31.65 2.61 47.89 13.99 76.95 13.22 3.12
Control

+0.35 +0.64" +0.04 +0.93 +0.60 +1.03 +0.01 £0.01%

12.80 31.15 2.60 47.38 13.80 76.67 13.13 3.1
7 days

+0.42 +0.07* +0.04 +0.38 +0.57 +0.79 +0.11 £0.01%

12.55 30.55 1.58 47.16 13.64 76.35 13.00 3.00
14 days

40.64 +0.21% +0.04 +0.06 +0.33 +0.45 +0.02 +0.02°

12.40 29.90 2.57 46.78 13.16 75.79 12.27 2.88
21 days

+0.42 +0.28% +0.05 +0.46 +0.07 +0.32 +1.03 £0.01°

11.70 29.40 2.55 46.59 13.00 74.62 11.40 2.72
28 days

40.28 +0.14° +0.06 +0.27 +0.02 +0.55 +0.54 +0.07°
p-value 0.153 0.006 0.699 0.229 0.201 0.092 0.068 <0.001

Note: Different letters above bars indicate statistically significant differences between groups at each time point (p < 0.05)

n:

* indicates no significant difference among treatments at the 95% confidence level (p > 0.05)

2.00
Time
d ® Control
a7 days
|14 days
W21 days
028 days

>
CAT (U/mg protein)

Control 7 days 14 days 21 days 28 days
Time

Time
& Control
@7 days
|14 days
W21 days
028 days

SOD (U/mg protein)

Control 7 days I4days 21 days 28 days
Time

Time
| Control
@7 days
@14 days
W21 days
028 days

GST (pmole/min/g)

Control 7 days I4days 21 days 28 days
Time

Figure 3 Oxidative stress analysis of CAT, SOD, and GST activity at 0, 7, 14, 21, and 28 days

Note: Different letters above bars indicate statistically significant differences between groups at each time

point (p < 0.05)
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n171asiulagiiingie

naulasuulasiiedereslaniaiieldsuduiagnsindnsafiae 2,4-D-lamfiauenTuiflon aouidudy 7.89
JadAnsu/ans sauAdui 7, 14, 21 uaz 28 Whsuiauiuneuldiuas (0 M) numsulasuulaseuieifioguuss
PuszezaRlAFuas Fanunisasuulacudiefewdentetlandudiud 7 saanimeaes Inawunisiia
f«i’ﬁmumﬂ\‘ilﬁnﬂﬂr@l@q (Hyperplasia) LL@ﬂWﬁé‘ﬁl 14 Lﬁmn’]?ﬁwmlﬁ’aﬂ (Blood congestion) U?L'Jm%mf‘mﬂ muﬁ/u‘ﬁ 21
WAL 28 WUN13 T NNEIURIUADALADA (Lamellar aneurism) mﬁﬁﬂuﬂﬁ‘zmwﬂmLLN'umf“mn (Fusion of lamellae) F9HD
mﬂﬂ'uﬁﬂmummLsn@@ﬁ'@ulmul,ﬁ@n (Lamellar epithelial hyperplasia) Tudedefununisiingdeqdnalu
lalanandnueaaassiy (Vacuolation) Aelaadaurdun 7-28 navldsans daludrldnunislasuulasluiud 14
IneninunauaaLazsasisazaslulansiala (Wound and lesion of microvill) waznisuanzedluingmiala (Swelling of
microvilli) Turnsiiliefenssinizan v snuniIneLauesRausA R 7 dsldsududaans TaaAnnnsdnnsenaes
Lﬁlfaqaq (Epithelial erosion) wazWaun llguinuuauazsaalsnraaaasasiaian (Wound and lesion of mucous

cells) Tudud 14 uaziinnadentszaureamasas1aien (Fusion of mucous-secreting cells) TW3ui 21 (Figure 4)

Gill Liver Intestine Stomach

Figure 4 Histological alterations of the gill, liver, intestine, and stomach of Nile tilapia exposed to
2,4-D-dimethylammonium for 7, 14, 21, and 28 days.
Note: LA; Lamellar aneurism, V; vacuolation, FL; Fusion of lamellar, BG; Blood congestion, HP; Hyperplasia, LEH;
Lamellar epithelial hyperplasia, WV; Wound and lesion of microvilli, SW; Swelling of microvilli, WM; Wound

and lesion of mucous, FM; Fusion of mucous secreting, eEP; Epithelial erosion
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N12A8LALANYEN [1sAuLasNAnssN e [Tan s Na I ALIA AN AT

A3ANHINNTRaLauaradlsRusN NNt a1 naslasuans 2,4-D-TouAananluday fauadun 7, 14,
21 LAY 28 NANMNTY 7.89 Raaniu/ans wudnisunnllsfausnkazianssnaesaulaiasdialpnaueamaiss

Tutla1nlasuans 2,4-D-lawdianenluiion JuuaTduanas WenFauisuiudanganruauwuAINLANFS

o o

ataldedAtyn19ans (p < 0.05) ludanldfuarsdausiun 14 lnslargarruauneulaiuansildsfuson
2

Vo

YINfU 22.17+0.40 RaanS/Aaaans warianssnweenladasdialanaueamneLsdvindy 12.79+0.32 unlulua/

—

o

Faansu/ui douluduin 14 naelasuans 2,4-D-lauiawanluflon wuldsfusanindy 20.90+0.16 Raansu/

a

Nadans waznanssuaeseultlezdfaladueamaisamingy 11.17+0.40 unTulna/Aadnsu/and (Figure 5) Teadiia

Iraueamairannulunanuiilezesd anfialaunallsfiumingy 71 kDa (Figure 6)

=

2307 Time

— 25 P g

g a ab be ed d H Control

"_'E 28 k @7 days
A g 15 4 B 14 days

=1 21 days

5 .

E 028 days

g 0-

R Control 7 days 14 days 21 days 28 days

Time

= 20 - Time

S8 ® Control

E 6 “ontrol

= 14 1 a

= ave

E 12 - b . 37 days
B g lg : d | 14 days

-

2 6 1 W21 days

= 41

5 21 028 days

< 0

Control 7 days 14 days 21 days 28 days
Time

Figure 5 Total protein concentration and AChE activity of the Nile tilapia exposed to sublethal concentration of
2,4-D-dimethylammonium for 0, 7, 14, 21, and 28 days
Note: Different letters above bars indicate statistically significant differences between groups at each time point

(p<0.05)
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kDa MW 80 75 70 65 60 55 50 45 40 pg kDa MW 80 75 70 65 60 55 50 45 40 g

250— e

130— 250—

150—
100— 100—
75— 75—
—71kDa
50— 50—
37— 37—
25— L 25—
15— N 15—
N e e e — ]
(A) 10% SDS-PAGE (B) Western blot
(40-80 ng) (40-80 ng)
MW 0 7 14 21 28 days MW 0 7 14 21 28 days
kDa kDa
— $ = | 250—
o Y 150—
- : \ 100—
";g_ L 71 KD:
—71 kDa 50— a
50—
_— - - ~ » 37—
37—
25—
BN G 68 B8 =S ==
15—
15— 10—
10 o s e
(C) 10% SDS-PAGE (D) Western blot
(0-28 days) (0-28 days)

Figure 6 SDS-PAGE and Western blot analyses. (A) 10% SDS-PAGE analysis of protein extracts (40-80 ug). (B)
Western blot analysis demonstrating the specificity of the PAb-AChE antibody (1:50 dilution). (C) 10%
SDS-PAGE analysis of protein extracts from Nile tilapia exposed to a sublethal concentration of 2,4-D
dimethylammonium for 0, 7, 14, 21, and 28 days. (D) Western blot analysis of AChE protein extracted
from Nile tilapia exposed to a sublethal concentration of 2,4-D dimethylammonium for O, 7, 14, 21, and

28 days.

Discussion

Py e Py - 3 = Lo
NIANANTANANTLAN TURS LI AABNANNNTIANLTNNUNNT AN TIANNNNTIN AT N9FBLIEAY AANanTENy

' ]
a Aaa =2

FlRsrULTENANINLALRINTIN Teanafianisazanansieiuingidausuazt llgnisazanansivuaziadunse

v 1
a o 1% a

wiguslnaniua Auduvastdanins dantaduunasllsfiudrAgndscarauliaouionuitnawaznule
Tuwmasihaaannnialutlssnalng aavsnzdunsianldidudsddmandumddanisluteusssasinandng e

Taapdauniauinlem
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AsANENE RN TA AN Tadtlan TRl dFuduiaRuansindadaita 2.4-D-lnmfanenluilafinony
asdusing o i (fuinan 24-96 Falus wudEanMemeazaNinumussiuaudidulaszazinanlldTugns
Tmﬁmiﬁm:mm%\iﬁwuﬁmwmimﬂqqqmiuﬂmﬁiﬁé”umimwLﬁwﬁu 67.20 fiANS/ANT TINLERIINNTANEdZAN
Winfufenay 50.00 1uiaan 96 FaTue luansfinnaAnm1a09 Khanchanasal et al. (2022) WLANERATINITAEUR
Uanfiald5uans 2.4-D-lawdauenTuiieufiszsuaaududu 50 lulasans/ans Wunan 96 42 fensnisane
azauwinTufenas 76.67 Tadldmmnismageniinisideluaseil dauludanzifteuilléiuans 2,40 lawiia
wenTuiln panududy 67.20 Dadniu/ans nusRINNsAadesas 50.00 inan 96 Falu luaniefinns@nenlulan
AN Hybrid catfish 1l4Fuans 2,4-D-lainfauenluiflouaauidudu 420 fadniu/danidunan 96 Galus fdnannag
Anedataz 60.00 dautlandildsuansaanududi 84 Aadniu/ans nusnsnisanaeaas 20.00 wansliifiuinlan
wiazaialAunuAanistasuans 2,4-D-lamdanes inilenluseduwnnsnaiu (Kumla et al., 2025; Thanomsit
et al., 2025) Sananisdnmn AR nalfifudnanfafAnunuseans 2,4-D-lawanenTuitanlAtaandilaign
faanunsnthan lssfudesufanateansiudusiagns 2.4-D-lfiauenTuiflen ludn g

NANTIU1AT LC,, Tulanfladlézuans 24-D-lawfiauanluiflaniiinan 24, 48, 72 uaz 96 Falus
annsAnEASeitilaninfL 105.54, 91.70, 80.25 uax 78.94 AadnsARs ANEAL TuamisfinisAnsn LC,,
9184 Khanchanasal et al. (2022) Aanunlutlanfiadild5uans 2,4-D-ladfianenTuiflening 24, 48, 72 uax 96 dalua
LC,, HAWinri 51.25, 45.23, 41.08 uaz 37.42 lulnsans/ans vsamniilu 43.05, 38.00, 34.51 wax 31.43 Ha@aniw/

ang AINAAL TIANLANFANT8IAT LC, Tulaatianeniuanaiinaingluuuaesansild ang wazatinaeatan
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wanTaifian luangn African Catfish (Clarius gariepinus) Nl#5uans 2,4-D-lawiauanluiien iunan 24 dalug
A1 LC,, WinriL 360 Ha@n3/ans (Cheikyula et al., 2019) dqululannziienusn LC, 189 2,4-D-lawiiawaniuiien Moan
24,48, 72, uaz 96 121N Wiy 140.76, 112.72, 81.87, Uaz 70.56 NaANTN/AMT (Thanomsit et al., 2025)
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Aawsiaan 14, 21 uaz 28 Ju anavat9litiud1Aty Tuansiinisfnunlulangn African Catfish Ala3uans 2,4-D-
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Toufananluilan nunialasuwlasludun 21 way 28 uaelasududasns InanuaauuAnsAI9ra9ls N
Winaen119 Wnneawad ANTININaTY ANTNNIRAIN warANdNTUIRaAen (Kumla et al., 2025)
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(Hyperplasia) n13:ian1sAsze9La@n (Blood congestion) Liinndiiden waznunisitanesresaendan (Lamellar

aneurism) NM3LTaN1/3TAUIBLELIAN (Fusion of lamellae) WAXNNFANATUIULBAUTARIERYUHWIIEN (Lamellar
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(Wound and lesion of microvill) n13uanzeslulasiala (Swelling of microvill) TEINANTLNUABAINNEINITD IUNNT
. - 4 4 X Y, y -
taguargATNa1781117 Jurnienfalasundasiiaitialunssimnzemsnunisneuauessisusssaziu Ineianis
ﬁﬂﬂéﬂumm@@qﬁq (Epithelial erosion) LLMW@J‘L&WMQUWLN@mem‘lﬁm&nmﬁqﬁa (Wound and lesion of mucous
cells) N9ITBNTRILTARNIAA (Fusion of mucous-secreting cells) TUAAITNAMNIREMNEAANTUAUNBNATUNLN
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aanylunistlesiuniianszimizanuig Ssnndasuudasludieifiomanil aanadasiunisdne ludardauszilan
11A8Y 7 1W N1SANHIT8 Khanchanasal et al. (2022) wunisasuwlashuilaitiewieneslantanldiuans 2,4-
D-Tawdanenluflanlananuiinanisiadnfisng °| iU Hyperplasia, Epithelial lifting, Partial fusion of lamellae,
Edema and lamellae, Disorganization k&% Blood congestion luiiaitiawhen daduudnmnlasududaasinanss
wazidurdnniinnisuaniasufitgivedoslunisunalasesdaniia dounts@nunludannn Hybrid catfish
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Muifiasu Superoxide radicals 1¥nanendu lalasiawitleseanlas dau CAT i iaanalalnsiauilesaanlos

Mnnann SoD Wiasuduinuazaandiaun i ilusunsasamas Wanien GST wWaulamninsinnasnansie
a8l Glutathione WiaduiUdNThUanUaanyze @R s MnNAaInANNLATEABBNT AT NN IHa1IREa AN 81 LS

JuuazgnduaanaInag (Pan et al., 2016) lnanisAneniaziAstnaandindululainziaunlasuans 2,4-D-
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Tawianenludaununisiintusesianssnaasieulasd CAT, SOD war GST Lduineaiu T9anssnueyyasdse
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a Adaa

o o A Y oo o A ada dl = a a ' 9 o Jo
WusadaidesiundrAnyluddldan Wasannuanstanalnanuduisaasasienedaldan auisnldidusmddn
naaanIn NI sedINansenuaInan i &R 10 1e (Thanomsit et al., 2025) 28N lsARNNNATRINIIZLATEHA
aandiatuataf19iulllula uAa=aie 11U N12ANHINANITNLAD 2,4-D-1mLuﬁ@LL@miuLﬁﬂurﬁi@ﬂmqmmW?ﬁu

] o v o A yva a o o , = \ Ao o o a P
wudnszAuANdNduaasannalFiie Al undudinananinilaauulasednalida dAny lufanssuaesiaw o
Ty Ineanizesinadie SOD waz CAT NANNTNGY 1.36-1.60 Raaans/ans TuanieiAududunindnsemunnn
tamnelluansniadasuilasasdslilugnAty (Hamisu et al., 2024)

n9ANHINNReUdueIreITNN TR lunanutela naslasuans 2,4-D-TowuAanenludlun daus 7, 14,

21 waz 28 Ju nudnFunullsiusmnuarianssnreveuliderinalaauieamnasaseslanladuassindntangn

AN W ve a s aa = A AN o A o

pauAnd AT uaNs uarianssnaeseulmierinaladueamasaiAanasninszaznanlaiuans Wumaaaiunig
wapsaantaalilsfuiansagalnltnAlla SDS-PAGE way Western blot WLIN1IWARIAANUNDLENA IAAAANALIE
ARAIPANNITLNAN AT 1T URENTUNNTAN I8 Khanchanasal et al. (2022) NANHIN1ILaAdaantaIasdinalaa
wamnalsdlulanfianlasuans 2,4-D-lafaseniuiilananniiiaitioanad Lyan wasnauwe nudnwun luaes
am o ¥ o4 de dnve o 2 4o . .2
azdnalnauieamnaisaazanas luynidaitianininisdnede lWsududas sdunaiuiuauy felseauinniaduda
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mﬁﬁmﬁmgﬁﬂuﬁm’ﬁqﬁ%LLﬁiizﬂxﬁlurﬁ’fummmﬂﬁi”mwmmi (Fulton & Key, 2001) tnaiazdialnduinainelss
ﬁwuiuﬂmﬁ@ﬁﬁwﬁﬂiumq@ 71 kDa AelndiAaarudn ’ﬂfwﬁmﬁluj i fadunsn danaziien uazangn
(Kumla et al., 2025; Thanomsit et al., 2025: Wongchan et al., 2025) 11 ULfinIIAnHIIUIATR90 T lAAY
LRALNALIAANNANDITRIURINNANA (Tilapia mossambica) Ad8lNANA Non-denaturing PAGE wuldlsAudiiiy
lelawesisfinunesineiu Aelulumeiunn 59 kDa uazARsziNefawn 244 kDa (Aswani & Trabucco, 2019)
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dl o v a = a % ' 1 dl 3 o k7 ¥ dl =S
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azgandnszauinuluunasinsssnaftedsneeuluseaululasniu/ans (Marchesan et al., 2010) UANANNSANEN
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