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ABSTRACT

Postmortem changes were studied in an aquatic animal model, Nile tilapia
(Oreochromis niloticus). Dead fish (105.83 + 1.66 g weight, 18.55 + 0.14 cm length)
were floated indoors at water temperature 29.60 + 0.15 °C, and samples (n = 4) were
collected at the time points 0, 1, 2, 4, 8, 12, 24 and 48 h after death in order to
evaluate postmortem changes of muscle and liver, scale elemental profile and cadaveric
volatile organic compounds (VOCs). The antioxidant capacity in red and white muscle
was dramatically decreased with time since death (P < 0.05) and correlated positively
(r =0.799-0.970, P < 0.01, n = 32). Thermal properties of myosin and actin in red and
white muscle, fluctuations in results for both these proteins were observed within the
first 24 h postmortem (P < 0.05) and became undetectable by the end of observations.
The microanatomy was degraded with postmortem delay due to decrease of connective
tissue and muscle fiber degradation; these changes were early observed in red muscle
than in white muscle. The necrotic cells in hepatopancreas were early observed at 4 h
after death and the prominence in degraded cells was progressively increased until
12 h. Drying of fish scales was occurred due to the dehydration and degradation of
collagen. The main eight elements were detected during investigation and all values
were changed with time since death (P < 0.05). The sixty-five VOCs were detected and
the changes in concentration were significantly affected with postmortem delay. Overall
the findings from the current study might be used as primary data to estimate the time
of death of an aquatic animal and applied for environmental forensics in relation to

water pollutants and in case of aquatic animal cruelty.
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Kingdom Animalia
Phylum Chordata
Class Actinopterygii
Order Perciformes
Family Cichlidae
Genus Oreochromis

Species Oreochromis niloticus
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(McArdle et al, 1996; Marieb et al., 2013) naluthaginlnajUsznavalrgianley

nanuLita (muscle fiver) Meludigulonauiiatias (myofibril) NUsznavasiduwlacas

=<

(myofilament) waztdanuIzN3ININQ (myosepta) Tilinaaataniduadsndsznaunan

(Chéret et al., 2007)

nauiloutsaanld 3 7fia da nanuileey (smooth muscle) WUANNIIVB
oitzmuluiiduszuoviadudiulng SanwoaeSoy liduas uazldagluduraves
5ala ndanitedla (cardiac muscle) wu'ldnitsvaarialatrinim fansudvinanuaguan
srwnavasiale uasroudusinazasnanes uaznanuiloany (skeletal muscle) wu'lel
lUaugan $81803827190800070E77 imz@anunizgn vivauagmelddiung
3ol wazlianwuduwusnunsvhauseslasenizgn Usznaudsdulondruiiasnuam
mnagﬁmﬁ"ulﬂuﬁ@ﬂﬁmlﬁa (muscle bundle) molwdnlodasvasdulonduiioasd
w13lalos (sarcomere) Fauasunu Godulorionwidusindsznavvaslusinluladu

uazidulorfiaunadudindsznavveslusdvuaniiu (oe, 2534)
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nawie989 3 v (Furugudnaslizanm 18-75 lulasual) udlSunarveaiien
Nunaalassnnnni wazlulnaaniaisvadnarutiauasazlnguasznuiniunia
nawtauasliwainuwannisaaisasfilaanauuuldaangiau (aerobic catabolism)
MRUNTnE1ANNdaLtieslun1Tineinresdan aawnautihas1l WULSII R
dunatuaznzlnandiwse danwaiduialnguaznu (Fuiiugudnaiieifia 300
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s utedfga nauiteavinauuuulilteaandian (anaerobic) lasldwassuain

aszuaumslnalalada (glycolysis) uaaidonlasautriulunmvadivasnsiuiiie Uan

Irnsaiarnidunanlunmsiethlugianaian g 1w MIInenwnIzLEll WazNTY

Tauwnile (FNWT, 2542)
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lunauiieans lasnauiainmsaasssainwduaan 9 Sonit lalawlies (myomere)
Cs! =\ v v dq’ dl ] 1 v ] dl v v v dq’
Fan1uludigwlanatutiban luuanLun Qnm‘vjuagluma@maulmmmuama6]
(sarcolemma membrane) vada e ludwlansuhalsznaudlsidulunasnsuiiie
(longitudinal myofibril) 5 LFWALANUUWKI 1UN2 udazidulorasnsiuibadsznaudae
Tsaunvininnlunmnasn SInautisalwan1zUnf@asa1u1InuaILAwLEaNwIZ®INg
L= 1 =1 v ] = v dq’ =1 =) = 1 v dq’
Narzningluladeslaatnetatan nmuLuau,ma:uﬂsmm"lmugamﬂuﬂmuLuamn
(Ramesh and Nagarajan, 2013) LAY LU RINITOLENAMULANANI LATALAW 1560991
snwazlnatfeany uanrlsitnrsn sy miad (histochemistry) 8181 T0LA W

6 o v & 1 7 & .
aoﬂﬂi:ﬂawaavl,wmm:vlnaiﬂLﬁm‘luﬂmmuaLmagom'mmmuama (Carani et al.,

2013)

Tusdwlulafuuazuaniin ulassaansnvesnainiiiegaifvminglasass
Asarumsvanazaasd Wasaiae wasnaiuiitornanaisuainnswisla wendiu
Aulaladwazsunuuin usaimdusaninluledu (actomyosin) ndruitasanas ud
lLiaswaa tiasananaezdludulasnesine (adenosine triphosphate: ATP) ¥inled
mné’mﬁlfﬁaﬁaagiwmﬁan’]mﬁ'@mm’m (Tyska and Warshaw, 2002) lu e
g$lananainlysin (sarcoplasmic protein) LLa:aaﬁﬂs:ﬂauﬁuq LLmuaaﬂagﬂummaa
lolnwandGa (cytoplasm) (Matos et al., 2011) Fagenadanisilfouudssuasinsme
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159 lastAanszuiunsinalaladaaiudisuaisanwnsznifiszuzisuusni ATP lu

) & a . a A& a ° a YN}
afuitaaaad lasfimstesaansldsdndgaiaannisvinawuaen lodldséies Taun
lawloiannUGu (cathepsin)  Lawloda1aln (calpain) wazlawloinaaanLua
(collagenase) vhlwnsuiitadauss dvasidinatn uazdanubantu (Shahidi and Botta,
1994; Dent et al., 2004) danuduszornsinTian lasfuanfivuas luladusruarni
atsnnadunanlnluladu asanananassiuain ATP lumsaanuaivesnauiiie
nﬂl v nﬂy a a dl dl A
Wamsuazndaitarasandian lnalaawaziiannddswudadluanied lifiane
lasfinglasazilfouldidunsauandnuazwasinulugd ATP ialnalaaunaaly

o & a & @ = A A A | .
nauitaaziianisiniedn udsne uazladdaiubandu (Bayliss, 1996; Manzano-

a 6 v

Mazorra et al., 2000) uazazszganadumsiugavasnnniaa iuszozNadunidasng

X v & e A4 -
au loiduuntasadnisznavrasnaiuiia vinlndnanidfowllanni@y (Fraser and

Sumar, 1998; Chytiri et al., 2004)

A o v &0 . | = o oA =
madsuudasmonasminsludafihdulngdunsfinsludadnngniiu
snwasldamnnden madinsludaiusauau (Saimo salar) (Roth et al., 2006) Uz
Uanzwia (Lates calcarifer) (Wilkinson et al., 2008) wmﬁ:ﬂm%o@ﬁagszmn 2-24
WA 3-24 TILa9 ANEIAL WATHRIAN 24 T2 1N U g zuziuganniaa v

v & , | A \ A A A & o %

linduitedoua uazlidangu Wasanldsdulaledudadulaseasrananuas
nauLain1IgYIREaNIWEIINTA (Tyska and Warshaw, 2002) lagnysaudives
ldsdusansaanaseulalasldaninaiswdoasunuiisunaasiinas  (Differential

. i A A A A= A wa A o A =
scanning calorimeter) GatduiaTaddananwinisilfsuwulassuifdsnnusonNuaadng

= a = v nﬂl nn:i v nﬂy = a

MIFURMWETINTIAVRI YA e asngamndnnauial R aNMWETINTIAILAARS
MYRAINTONY (Kuo et al., 2005) I@ﬂmoqm%nﬂﬁﬁﬂfn L UHANIINAMVUANGAIV D
ANNENBBIENaNaalNas (Thongprajukaew et al., 2015a, 2015b) Tan13LUAsnLUaIde
FLUZIAAYARRINITANLATITWLLTUAWBLBUIIUNE (Mullus barbatus) UaNNEWILAS
(Lutjanus campechanus) LLa:ﬂm@]‘ﬂ (Ictalurus punctatus) (Schubring, 1999) wananlu
&@ﬁﬁﬂd@ﬂﬁ’muu (Krompecher, 1994; Dalal et al., 2006) WUM LU RWUURINNAT
mimetininludan essnnnnauiiadiinnususen uarinaaaiiaauiuInaINite

UaTalalele (Gillis and Biewener, 2001; Smith, 2011)
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\NauninuaIzgnaudisLiiayasrios iNeaamafuaizniveion: audansuziduy
A A ¥ & A A A & A A o A Y
fnAsdwinans Twdeyinnaquiduiiaibainsiuniduidulonaaaa (collagen
fiber) WAZLEWLEI1IWA (reticular fiber) (Vicentini et al., 2005) auiunumsanlne
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ATTLIWATIUUNUBRTN TINnIlninAnatsdsemslusenie 1w saanzilysaule
wanaan iuflaguadidiaiiaaihadniuisalia (Stamatoglou and Hughes, 1994) KA
Y ad a o o . o .
ihageiianudanlunszuiunsdenluiy uszazanlnalaauagnisluuniua (granule)
nflawa 10-40 wilwwas lasunsuanaiuazfiowladnlslunisasiouaznisaais
Inalaiaw (Berg et al., 2002; Roach, 2002) §wsuaLdauyNwINNKaaLaw lmaitiasa1nls
wanowia laun wowlodazlauae (@amylase) N3UE (trypsin) lalamSUdu (chymotrypsin)
uae lawde (lipase) (Thongprajukaew and Kovitvadhi, 2013)

@

duvaslanazTwagiududan (hepatopancreas) dautlsznaunddy laun toas

[
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@U (hepatocyte) agl'ﬂ”mmvl,ﬂmn"ﬁ'ul,ﬁaqﬁa lagimasauvasdanfiadanwacasnonulad
ﬂi:@mu’ﬁa"ﬁﬁ@ﬁuq (Kendall and Hawkins, 1975; Hinton and Pool, 1976; Beccaria et al.,
1992) WuviaLaaa (sinusoid) Lmiﬂagjsm’hwﬁaa‘ﬁu LLa:ﬁmjmawﬁJéau (exocrine
pancreas) LLmﬂagji:ijLsﬁaa‘ﬁuﬁw I@ﬂwmﬂumjuﬁamauﬂmﬁa@ﬁagll'rl,um”u 9

' = '

UsznaudeLTanasdu3 (acinar cell) ag’nm"’mﬂum}u uﬁ’amﬁmmaﬂamm@l%agag
A & a =2 =2
nguvasgad uazdlolnwanda amolulalnwarGunulaluauunsua (zymogen
X o o oA, &g A A o 4 A Y YA
granule) 48NN aUgINaIwVaLbaldaINeING Baaatinaes IdwlITan uasriatnd
d' s (% U s o o v c.i =3 o c.id =l ]
134299 1NAUA DI LTWRIINTUTIWIBUIN LA TYINRENN amLﬂummzmvluimammuagmn
LLa:ﬁqm%Qﬁgoﬂiwafu's:ﬁu (Arias et al., 1994) é’ﬂwmzmaﬁ;amﬁmﬂmao@‘fﬂuam's:
Un@azdansnetdnlslnwaSunTaanasy 0whalaeInh LasiilaRuaNTINaNIWIe
1 1 A A (% 6 = (% [ a =} >
lﬂmuagmoﬂmo vn:aagjmnmlnagmqummwaavl,sﬂwwmqm sausavludreinnalans
(nucleolus) B88N9AULIY (Figueiredo-Fernandes et al., 2006) LTARALLATAILARLRAZ
Lﬁ@msmﬁﬂmmmmaogﬂs’wLLa:mm@aﬂ'wLﬁuvl,@T“ﬁ'@ Lﬁaﬂmvl,ﬁ%'umsﬁwﬁﬂmﬁaua%’lu
e I@mnnmsﬁnmé’nwm:maﬁ;amﬁmﬂmaaﬁu wudwma&?ﬁmzﬁauﬁmﬁmwﬂ Ty e
NTaRATUTVAIAUD UL DNAATU LLanLGnIuLﬁml,mskl,asfau@@ﬁum (Paris-Palacios

et al., 2000)
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JOINIUNARAL (LuaTUIUNT, 2546) LilasannuuaiiTaludlduninszandigauuaz

a a 1 (<3 o v Aa ] 4 A o 3 J 1 @
Lﬁ]imuL@UI@Iﬂﬂ”IGTJ@]LTJ ﬁ]%“fﬂl%m@m’?ﬂ%%ﬁaﬂ I@]Uﬂ’?iLl]ﬂU%Ltﬂﬂd@]dﬂﬂﬁl‘ﬂz"ﬂuaﬂﬂﬂ

u

tRIpna1e Uszn1y 1ou qm%nﬂﬁmammwumﬁau LREANNTUVIDINA LU

(Flanagan et al., 2005; Wang et al., 2010) wananhaugiinsazanlnalaan uazf
nszuIwMsNLNLadTuwuulTaanSiaw anniausautInaalan lmitasanrmInatasia
{ 1 1 a v ] J =

(Thongprajukaew and Kovitvadhi, 2013) At aslasulimstasaaeisidu lasnawnas
nImeduIziianIzuInIItasaaudiedilad uaziianisnadizasimaavilidua
LARD LLaxgﬂiNﬁ@ﬂﬂmﬂ (Yamamoto et al., 1997) s=@uvad ATP luaLIzaandatng
1T uazaznualdnolu 2 alus ildgadsenusansalunsduenedllsdu
X e a | . A o A X 99 ¢ x> de ¥
wannhaaiatasinanmasauNuInds vlresddsenavluioasaunnunuialssin

U

waa wazldaunsariaulamudnd (Li et al., 2003)
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2.4 tnanyaddan

= A o = & A o
indadarfansmzuds wuw waziun uesdlsznavvesnszgnidnaguuasyi
v ldl a v U s L =3 [l o v a A 1 dl v

winfUnd asdrveslmli mideuriuiwvesndatioildiiaanudanguinelilan
mmimlU"'mfwmﬂugﬂl,l,umi’m6] ldadaaunal (Yang et al., 2013) lasdarfiadinga
wUUBanaNasq (elasmoid scale) TRANANANIHU (cycloid) Usznauale 2 Th fa Tuuan
fidulonaanaundiduinugudnanstszana 20-30 wiluwas IaTesaununganaz
draglulds@lalnauau (proteoglycan) uazulu (daugnn) iduluaaasaniidudiu

AuweinanaLIzanm 70-100 wlwuas atifafanuuaziIeIdITawARaNNY (Khemiri ef

= v

al., 2001; lkoma et al., 2003a) Taigulonaaarnnuluinia Ae raaaausiian 1 (type

o @ v <3

1) dwitaidaiipmundnindaglunisdngulasseins uazildindaudusg (Okuda

v
o 6 o

et al.,, 2009) AoamlaulwndavasdafihdulngdtrgmunniniliisuFsaninagn

U
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o

¥ Qs & a = o @ ¥ o v < 1A [l
ﬁi’NW%'ﬁzLWUVL‘Y]@LWN LL@&&Iﬂ’Tiﬂ’Tﬁ]@]I@JLﬂﬂﬂ%'} mlmﬂa@"lmm%qu (lkoma et al.,

q

2003b) wanniindadstsznaumeasdunss wu 1Usduiasn uazaseiunssd u

ASUaIMA uazazwlng (Perga and Gerdeaux, 2003; Sinnatamby et al., 2007) GI§I%
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IwnaidulaasendoswnIndniunaifunsion (calcium-deficient hydroxyapatite) lag
Usznoudisladun wunidon wazasuatwalooa mﬁ@ﬂmmwﬁwq@dw UITHA

~ 1 l§/ 1Y A v
fafau PwogNUTIMUINIVDILNAR (Torres et al., 2012)

LLiﬁﬂ@luLﬂﬁwﬂa’]ﬁﬂ’ﬁaﬁ”ﬂaamo@imﬁamaam%ﬁm TagINAATUWANTLTARITNG
lun1saieiuduuazussng (Schonborner et al,, 1979) suinaatuluduuIiimunasn
LLa:ammLim@l (Onozato and Watabe, 1979; Zylberberg and Nicolas, 1982) agnalan
a3l mmﬁ”wm’m@mmm%ﬂq@"L@Tmnﬂa'lvl,;i"l,éﬁ'ummil,l,aza;llfluma:l,ﬂ%'m;mm
(Campana and Neilson, 1985) %anand ﬂmﬂhmmmg@sﬁuLLS’ﬁwpnﬂﬁm’mﬁauVL'swL@T
I@mhumam'ﬁammzﬁmﬁfaLﬁaag&luﬁﬁ@ LLa:ﬁ]’mmsﬁua’]miLﬁaagjluﬁ’uﬁu TIus

a o @ = ' Ao o ~
nadanudngdaguniwuainszan Wik Lazinde LLsmqmmﬂuluﬂm laun uaatde
WasWasa uuniitgon lodoy twan Sathoy Nasuad uazlalaodn wanaindk ”aﬁﬁmﬁ
Fududematfalasenmelwnaads laun aandian uazlulasian uazenanulans
vashaacaulbndalan 13w §9nd aznd duenk uazuuania LJuwdw (Abdullah et
al., 1976; Sauer and Watanabe, 1989; Ikoma et al., 2003a) I@Uﬂ’]iamu"uadlﬁ‘ﬁ’wyﬂu
' A A ° o & a I ° v = I ° v A @
fwAINTIsvinlwaaaatanluinaadaundinsy vinlwinaaudsnazyinninni asnw

AhIp89Uan laae% (Meunier, 1984)

nsdnsludlarana Pagrus wulsidon uunfifow uazarivaiualoaan lu
nszuInnsaslaasandazninduadinda (lkoma et al, 2003a) luindadainas
(Carassius auratus) WUANINGADTWIHEIRUULS I IARATLINS AT HHEN InIgzauLisng
u’mﬂdmsoﬂa’mLLa:mug’]ummmﬁwﬁlu (Zylberberg et al., 1992) \HulasNULa1Taw
SnWaziuTaw (Arapaima gigas) ﬁﬁmia:auLLifﬁwJu%nmmﬁ@fuuaﬂmﬂﬂ’h RIHA LA
infadanuudonitnganulu (Yang et al, 2013) LL@iwgaftéTaa"fuag}ﬂ”ﬂ%ﬁmmzmqmaa
Uanaag I@m:@”ummmuLl,i"ﬁ’w;ﬁl,l,@n@i’mﬂ”uslul,wia:u'%lxsmmaamﬁm ﬂ'iruag;ﬂ”ums
Usulasulassseszaumluzenialan LLa:ﬂqjﬁ%mi:wmﬂaammuﬁ'uﬁ’] F'laid
EﬂLLUU‘ﬁILLﬂuau (Torres et al., 2012) luindadaniia wumsm:mwaun’mqagflul,ﬁuslﬂ
ADRRILABUGARZLE LLa:amuaQnﬂﬂluﬁ'JLﬂﬁﬂaﬁagluﬁaa’m (hole zone) (Okuda et al.,
2009) I@maammumﬂLﬂﬁ@ﬂawaﬁwﬁmsaw@”aﬂ”un’]ulﬁqmwnﬁ@ﬂﬁﬁﬂ’jfmaamLamfl,u

U

m:@nmmﬁ'@iﬁmgnﬁmuu (Williams et al., 1978; Kadler et al., 1996)



11

2.5 @139 wN3 8N Iztre Lo lwsn

8138un3dazinedng (volatile organic compounds: VOCs) fia N§u284873
Usznaufifanuawlaninnin 1 Saswasisan swnsaszmodnlonszansaalyle
mmﬂi@”&mﬁqmugﬁua:m’m@Tuﬂﬂ@ luwanasiulngilsznaudisazaansainivan
uwazlalasian wananitenadeandlannioanlaian 11w anasw uazlusi eet\LH Rl

(Paczkowski and Schitz, 2011)

nl Ada n:i a

v (2 6 = > a & ¥
luaam’mwmﬂum NIIRINYAIVDI adﬂﬂizﬂaﬂa%‘ﬂiiﬂ@]FJVI’ﬂl]’%ZLﬂ@]‘I]%W?ﬂN

@ . a a e AA a o | R ¢ A = a A
ﬂﬂﬂqillaaUﬁ']ﬁa%'ﬂiilﬁzLﬂUﬂ&lﬂﬂuau‘l&lWG'ﬂizﬁﬂﬂLWﬂ@G@@LLNﬂGNWﬂ%SﬁWﬂ ‘ﬁGLﬂ%

v
£

NRAAMNUBNAIVBINNTEEFANE WasidwnIzuIunINTUTan (Vass et al., 2002)
a A € ] a [l a A ¢ Aa K A
msaumm:mmfml,ﬂm)’mﬂaﬂamuimﬂgaumu LLQZﬂ’ISLLﬂLmUElaGIT&l"}Jadé’(’]ﬁj’ﬂmaqa
wanluFsddia laun enslulaiasa luaiu nsafinafan uazlusdn (Vass et al., 2002;
Statheropoulos et al., 2005; Statheropoulos et al., 2007) I@Umﬂuvlmmmd’mlmy:%
dessansidusslsznaunfeandianagnioluluana (oxygenated compounds)
a A ¢ a 6 A A 6

nTAdwnITuN9Tiia ueanagas (alcohol) Alaw (ketone) WBAA L@ (aldehyde) WAY
LORLNDST (ester) (Gill-King, 1997; Dent et al., 2004; Statheropoulos et al., 2005) lag

& A o &d a 1 a a6 (% A Aada
LLaanaaaaLﬂuwa@nmmwmmrmmmaﬂamUI@m;aummnmaamimwaammm

=) 1 :’ CS! a l&l L o e ? v

mammauamﬂVLnaIﬂLaul,ﬂummaﬂgiﬂamm@mulumu fmsuihaaaznzaneti il

A A [l v A v A o A L ] 6
lunaaaideafiaglndifsameldanizildoandian wazinazgnininaigyetasuy ol

6 6 ?; A (3 (% a v a > 6

Wuasvanlasanloduazin luamennsldaniizlseandian wwlanfanusidszian
Wain 1% nIauaadn (lactic acid) nsadaniludn (butanoic acid) LaznIAKaTAN (acetic
acid) (Gill-King, 1997; Dent et al., 2004; Boumba et al., 2008) & WLAANDTORNKY LT
(branched alcohols) #nazifinanninaziilu (amino acid) NONHBLAIUNIZUINANT
WUNLBRTN LazNIIRAIUAIT0INIAATLANTEN (carboxylic acids) 91 RT3 319

nsaanfuanginnuueanasadtilfiinaInguiasinad (Paczkowski and Schitz, 2011)

6 o A

RIINGUUBANDIDANEIATY AD 1-hexanol NNANIIAN B A WARIRINBITRINAAIINLHN
Na’lmua’m’li"llau%ai'] (fungal metabolism) (Korpi et al., 1998; Paczkowski and Schiitz,

2011)
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msdasamlagudisionladneslwlaia (phospholipase) Tagvialuwulugn
PoINAIANLHE NILAUBINIT UAAY JunundrnudenisdesastoaslWane
(phospholipid) uaztawladlaidsiduanladfsrnrsndossarslasniioalsd
(triglyceride) tAatdunya luaiududuaslaidueda (Cabirol et al, 1998; Vass et al., 2002)
fwsumsdesaasnsafinfsnaz laidululasdvmus (nitrogenous base) WaaWa way
Wnea (Vass et al, 2002) wananigadinsaenfuandanitinannsdessasluiu
anilulainte uazninazfiludina@unid (Paczkowski and Schitz, 2011) lasninaziilu

a A

i lalofiidu (isoleucine) Lﬂumiﬁﬁo@mmaai’maﬁ Piophilidae tLaz Calliphoridae §2
LAy BnMaHIRNNInaIgauNaIgatiaa (bloodsucking insects) A9yadAT (dung
beetles) LRZANULABNHDTIN (necrophagous grasshoppers) (Wolff et al., 2001; Barrozo
and Lazzari, 2004; Dormont et al., 2010; Whitman and Richardson, 2010) f19IUNIA
% A =3 v o £ a o 6 aaa a b
lydussennaiuisndigadidig WunfadmsiandjiTonmwenifiatu
(saponification) Usznauals n3a lait Lazlaaines (Levinson et al., 1981) Tansa lusin
a v A a 6 & A A [ [
zifianszuiwnsaans lanfanmaiiduloanases Alaw Laadlad wazladnes
wuldsnumstasaanuaslulaiasa (Cabirol et al., 1998; Vass et al., 2002) &1L
A 6 = Aa A e A Aaaa % o A A 3
uoad laduazAlan oraidunsinanafunidniedjitensamoaivasluduiioidas
AUaanGLawluTwuITINNA (Whitfield and Mottram, 1992; Dent et al, 2004) &%
a Q/I dl v 1 =) =)
a17dsznevezlsudniduaisszmeria ldildunannnisdesaarsntaazilusiia

azlsunén loun Inlsdu (tyrosine) Afauaanfin (phenylalanine) wazn3ulainn

(tryptophan) (Vass et al., 1992; Dent et al., 2004; Paczkowski and Schiitz, 2011)

Miﬁm:ﬂaﬂammﬂumsﬁﬁiuLaqmﬁﬂmm’nﬁu L% NIRadln wazlna

& . & % A A6 o v A \ o
wi'lng (polypeptide) I@sJLauvl,snmmmﬂmﬂml,l,azmngaumu liAansdaneuad

@ & ed o @ o & A & &

nauhe lasewlodndary laun ewlodaunddu owlodenamws uazeulodaaaan
31& (Shahidi and Botta, 1994; Dent et al., 2004) nszuIwMstasaanslUsduazasIans

& . . e , -
FLLRLURAN LT #13UIENaUNNLD (sulphur compound) Lol (amine) uazdulaa
(indole) 3a@natAina N IRANBvaIR I TLUATIISoN  (fusobacterium) luan12ei laf
21n1e lagg13dsznaun Nz ntAaaINNITtaRauNIAas T luAA N D wL %

o o =

avndaznavlasuunfiss asUsznauiuztwndan fa Iwagalne (polysuphides) 9
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ﬂummﬂmmmﬁag@Lmaﬂﬁmﬁwﬁ’m%‘f FIVNIUUAITWAUTL (blow flies) LAz

fUin3a (burying beetles) (Stensmyr et al., 2002; Kalinova et al., 2009) &% IULadnLNa

N fisenfansuandiativ (decarboxylation) vadnsaazdlulundruiie lagfanssuwas

ﬁ;ﬁuﬂ%’ﬁ dulaatnaarnnisdasaatsvadinsulanw lagtowladnSnlaiwWiwg

(tryptophanase) Nia319lasuuniiise (Vass et al., 1992, 2002; Statheropoulo et al., 2005)

unsnadfssudasuasdransenele 1w lasiufiatadiseanlsd (trimethylamine

oxide: TMAO) Julasiufiatafin (trimethylamine: TMA) uazlalufiatadinaanloa

(dimethylamine oxide: DMA) uaznsidfsuudaivasnasiad ladlasianlollasiufia

aiiuneen loaaufag (trimethylamine oxide demethylase: TMAOase) (Shahidi and

Botta, 1994) &138un3eNIzne e U AN luFaTU1999a LaaIaIanTen 1

P = A ot a A ea v [
N3N 1 ﬂ’ﬁﬂﬂﬂﬁﬂLﬂﬂ’lﬂﬂﬁﬂiﬂ%‘ﬂiﬂﬂin‘lﬁFJVL@.ﬂ’“IU%ﬂGﬂ’ﬁ@I”Iﬂ

Organism Key VOCs Postmortem Organ References
delay (h)
Whiting Acetaldehyde, ethanol, 336 Muscle Duflos et al.
(Merlangius merlangus) acetone, ethyl acetate, (2005)
acetic acid and 1-hexanol
Tench (Tinca tinca) Hexanal, ethylbenzene, 0 Muscle Turchini et al.
benzaldheyde, octanal and (2005)
nonanol
Atlantic horse mackerel 1-Penten-3-ol, 2,3-pentanedione, 0 Muscle Iglesias and Medina
(Trachurus trachurus) 2,3-octanedione 3,5-octadien-2- (2008)
one and pentanal
Gilthead seabream 2-Pentylfuran, 2,3-pentandione, 0 Muscle Iglesias et al.
(Sparus aurata) 3,5-octadien-3-ol and (2009)
hexadecane
Domestic pig Formic acid, butyl acetate, 4 Whole body Dekeirsschieter
(Sus scrofa domesticus) acetone, aldehydes, ethanol, etal.
butanal, benzaldehyde and (2009)
acetamide
Pig (Sus domesticus) 1-Octen-3-ol, 2-phenylethanol, 600 Whole body von Hoermann et al.
hexnoic acid, butyric acid and (2011)
isoamyl butyrate
Mice (Mus musculus) Acetic acid, butanoic acid, 24,240 and  Whole body Kasper et al.
butanol, octanol, phenol and 720 (2012)

1-hexanol



A = A o a A ea 3 o '
N3N 1 ﬂ’ﬁﬂﬂﬂﬁﬂLﬂﬂ’lﬂﬂﬁﬂiﬂ%‘ﬂiﬂﬂin‘lﬁFJVL@.ﬂ’“IU%ﬂGﬂ”Ii(ﬂ”Iﬂ (f8)
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Organism Key VOCs Postmortem Organ References
delay (h)
Pig (S. domesticus) Benzaldehyde, phenol, 240 Whole body Brasseura et al.
dimethyltrisulfide, indole (2012)
and undecan-2-one
Pig (S. domesticus) Butanoic acid, 1-hexanol, 39 Bone, muscle Cablk et al.
1-pentanol, 3-methyl-2-hexanol and skin (2012)
and octanol
Cow (Bos primigenius) 1-Pentanol and hexanal, 39 Bone, muscle Cablk et al.
heptanal, octanal, nonanal and skin (2012)
and toluene
Human (Homo sapiens) 1-Pentanol, hexanal, 39 Bone, muscle Cablk et al.
benzaldehyde, octanal, and skin (2012)
nonanol and toluene
Greenshell™ mussels Dimethyl sulfide, 2,3-octanedi- 0 Muscle Tuckey et al.
(Perna canaliculus) one, 3-undecen-2-one and (2013)
(5Z)-octa-1,5-dien-3-ol
Malpura ewes (Ovis aries) Acetic acid, propionic acid and 24 Whole body Bhatt et al.
butyric acid (2013)
Domestic pig Dimethyl trisulfide, dimethyl 1,536 Whole body Paczkowski et al.
(S. scrofa domesticus) disulfide, nonanal and (autumn) (2014)
hexan-1-ol 1,320
(summer)
Domestic pig 1-Hexanol, 1-octen-3-ol, 0-72 Whole body Armstrong et al.

(S. scrofa domesticus)

1-pentanol, carbon disulfide,

dimethyl sulfide and hexanal

(2016)

2.6 Upnse1andiazun1guaInIsngy

e = dl aaa a 0/ . . c§
ANYRAINITANBUNITIUR UL Y a9 aaﬂgmmaanm@“ﬁu (oxidation) FIL D

=

Ujfisunluananieazaandniigyifudianaseu (reducing agent) 31Mn3laasliny

1 1
A o v A

Tutana

q

a7z (free radical) 2AIR1IF99) I@ﬂawaﬁmzﬁ)ﬂﬂLLsJ'aﬁTUﬁ’%a

A dl 1 v a lﬂl o v =
maamamaamswag‘lnammLwamlman 83 I&ILﬂf;lﬂ

nanedueuyadaszoiialna Geazluugisonuamslag

R A

a A

[

1
=) '

i fidudruBianasan (oxidizing agent) Ufjismnaandiaturilviiaeuya
ds8iinasenanluana

NEULIRERIOTUBLANATO UL

naauda b tiadud§Asen
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anld (chain reaction) (Halliwell, 1991; Ames et al., 1993) Tvhanuasdisznauvad s

(Lassoued et al., 2015)

{ 1 v &, /a o v { G Qq: 1 v aAaa a L

sInTmMu s nluanzdndviminnduginiadadiul jisoraanGias

(antioxidant) tNafdnauyadaszaanaNTame udseanidu 2 ngulng Ae nqudasnu
Aa a [ 6 [ €A A . .

mafineuyadasz 1w Lawloiglaseanladaadaing (superoxide dismutase) N7
15lau 1eseandGiaa (glutathione peroxidase) AzAZLAd (catalase) LUaseandiax
(peroxidase) uazlwlnlasud iasaandias (cytochrome C peroxidase) iudin uaznga
n:i o Aaaa ) 1 a a a . . ~ a a I
el §ATengnls 13w Jandud (vitamin E) 1wa1-ualifiu (Bcarotene) Taniiundg
(vitamin C) pfin3lu (ubiquinone) nImg3a (uric acid) nInazdludaindu (cysteine) F9il
adluliUsfuvastiadad idudu (3w uaziszwus, 2538; lua3 uaziIwa, 2555)
M3AnNEUad Lassoued et al. (2015) wuiwasnaauiaznaailasaanloq (peroxide)
wazanyadaIzhatssEInliznaudd g FWNIAAENINNNTHaVEIL oW LT LT

& \ A o o A v va & Y \ & L AN A A
wilIndumadne g Nvinsinnduanlidianasenld udasdlsznauimnadhlainasnanas

[ a

° A a % A Aa A9 o
mﬁmaggaammmnmﬂﬂmmaamimﬂ %aﬂ"ﬂ’]ﬂuluﬂi:ﬂluﬂﬁiqﬁi@]iﬂsﬁﬁ‘ﬂlﬂj

& e a A & A A A )
LIRTWI WYY LWﬂvLﬂ@ﬂLﬂ@ﬂzllﬁqﬂﬁuaﬂ LazNUIZRNTNINIDR

v
o

NNIATIIANINTTNATA D ONTLATUN LT bNITANEIATIT LaLn

1. m3amasaunsidisuudaslitonaandiasi las3s 2,2-Diphenylpicryl

hydrazyl (DPPH) (Hou et al., 2001)

Lﬂu’iﬁlﬁaoﬁulumsmaaqu%%ﬁuawamaamsﬁ’maan%m%’umﬂﬁﬁmﬁ@ 1o
slumimaaummmmm‘lumiﬁﬂmﬂawaﬁmwaamwﬁama (scavenging activity)
lagl#lalasianazaan LLﬂﬂ%Lﬂ%ﬁ@@i']ﬂﬁ@@ﬂﬁuu,aa (spectrophotometer) 1N INAR
yosddalfuasdneandiatussly S‘i?oa%a DPPH’ Lﬂua%avluimmuﬁﬂmﬁ agﬂ,ugﬂ

1 v AA A Y A a =
QHHQQQLLS’] URUII Lwavl,muvl,aimmmzl,ﬂaﬂuvl,ﬂl,ﬂumsa:mﬂamaaomwawms

DPPH’ + RH —— DPPH  + R

A [ [l a =
SENPN AIBYNNATDL RLARD
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2. Myasasounstlfoundssdfisereondiadu lasis reducing  power

(Oyaizu, 1986)

AT NIIAN A NNRINIID LN LA B LA NATO U DI TR NN A DINIINAF AL

1
a v

1 a { o ‘&l e va 1
LN awaam:ﬁaamﬁ:ﬁmum 81%331111 I@ﬂms“n@aamsmaamnﬂuml%mﬁnmamm

v
> o o

auuadasz udv liidfsudusninasdn Bnnsdeaunnneadjisorgnlsuas

CY

a [% o o Aaaa A o . 3+ D
aypuadaszld lavarduannnsiaufisuniantu (reduction) w83 Fe  (CN), liliilu

2+ -4 o Y AA S A o X ! A A a X =2
Fe (CN )6 Sliaﬁ]:‘ﬂ’llﬂmiﬂ@mauuau’]LG‘LLL“IJ&J“IJ‘LL I@Uﬂqﬂqiﬂ@]ﬂﬂuu’ﬁﬂqﬂLWNT%LL@@GQG

va & A &/
mmmmmlumﬂmLaﬂmauﬂmﬂmu

3 + antioxidant )
Fe'(CN)y «+——= Fe (CN)s
- e

= ? a
KUI
o 3
3. amqﬂs:mﬂ

A = A v & [ 6 3
LWBANENN T RS LU a9 TaINa UL A LAZ AL aaﬂﬂizﬂawaam@;mmna@ LLRS

A ea

fsdunIdnszinelaluon aMenasnsanavaslarfia (0. niloticus) lug19328219871

LANAIINT



1. Msa3gnaagvlaia

idnadsdafiaudasnaens 4 laau yasselsuanwlutaiduia 15 3
Taolwamsidlusan 30 wWesidud 2 assdain wazlwuaaduwn 12 salusdai
Qmmwﬁ'}moLﬂﬁmaaﬂaﬂ§uaﬂww Ao gunndl 29.60 + 0.15 adeniTalFo Nlaw 6.95 +
0.02 5N mmoandlaniiazanesin 5.05 + 0.01 dasnsudadas wazdSumuwanluily 0.94

+ 0.15 URANITNAIAGT

® o 1
2. MILNUAIDYUIN

aaannslaiaudaswaniauiuaainaduna 48 $alus nasnnuugulang
ANNENMLaZIRUNINALABINY (H1HkN 105.83 + 1.66 NTU WAZANNENLATHA 18.55 +
0.14 loudiuas) aaulagldinugs uaztihannlwamausnssfnasufine (32 x 43 x
1 L rudluaT) Ndwauiigs 7 irudluas uazdgmnndiin 29.60 + 0.15 a9aLTaIToR
PMNUWBALAIBENINANLABUAS USIUAIUTIFIIAI LARIRTITZ AN N BB ULBULAY
naNLHaEUEY LaziiunNaNIBauIuSMNA N HaBUKlaATURES (MUATLUREIN 3
29 10) wiald@nsnsidsuudasuesdiseeandiasi nstlaswulassuaiginau
Fou uazmauasuulasanaenelanisinie didaliuaainIauuInMTavadwe
veR n:i L a =3 (> 1 [ a v Y A [ c.i
IEnmnafsuudasansmzmagamaina udiegainde inmldiuaiunaan
= A R 6 I3 % Il & o A v Aa A 6
3 4 7) ialdAnmasdlsznaveimg uaziiudmadwdaisduialddnmansdunid

Nz laluan AMYRAINTINBNTZLLLIAN 0,1,2,4,8, 12, 24 .az 48 ‘ﬁ”JIN\‘]



18

3. nsdAnwnsilasuulaseaslissnsanBiazi

W@lsumagndlagmIananaNtitanadnaznauttariauitnsnaandadann

Chéret et al. (2007) lagtunaaiialiiduitaideinulunsa-lalasaaalsd (Tris-HCI, pH

7.5) ity 50 dadluans ARwa-wasuadlnieniueannuitiudu 10 Sadluas
a A a Aa v £ A A [ 4 ?; L% ] Aa

WaLNIALENAAW AR UIANTZaLTAN ANNTY 1 Tadluans (1:3 dnnndadSuias)

lagldinTastuazidoaiitatfia (THP-220; Omni International, Kennesaw GA, USA) a2

i ldnyunleaniaiuiiy 10,000xg Ngmnnd 4 asenioaidos 1duiian 40 il a3

o AN v & v a ~
ﬁﬂ@V]VL@]LﬂUVL’JV]aqm%Q&I —20 2ALTALT YR

3.1. mIavesgaumatlasnulasiiFanssndiatu lag?s DPPH

ihasanaf i Tieneimaddsuulas fismeanfiatumuisniaaulas
970 Thongprajukaew et al. (2015) lapazany DPPH tinwin 24 Hadnsy luanines
1301617 100 AadaaT mmfummlﬁama@ﬁmumuaaLﬁialﬁﬁ@hmsg@ﬂﬁmma'ﬁmm
§AA% 517 wlwuas WAL 1.0 £ 0.5 wie wasniwinasanalsunas 3 Jasaas
VINFUALENTazans DPPH U531as5 100 lulasaas udshludulwidadunan 30 widt
ﬂ'auﬁ,’]un"’@@i’m'ﬁ@@ﬂﬁml,aoﬁmmm’mﬁu 517 wilwauas Maudfiseneandiasi
(% inhibition) ANWIMKAN [(A;—A)/A.] x 100 e A, Lﬂummsg@ﬂﬁmmwaaﬁaay"m*’g@

mqu%mﬁwmmuammumiaﬂ”@ Uae A, Lﬂu@hms@@ﬂﬁmmwam"’aamoﬁmaau

3.2. msastedaunisiliswudasijisesandiadu las? s reducing

power

ihasanafldundemzianuainsnzasmadudlwdidnareulul jAsm
0aNFLATU-3ANTUVBIFIINAFEL MUATNITNIRaULAIaN Benzie and Strain (1996) Las
Wong et al. (2006) laglaSyNRITAZAIHNNAITHNAY 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ) anuidudu 10 dadluans Usu1as 20 faddas lunia'lalasaaaSnanuitudu

40 dadluans nuezGiantWines (pH 5.2) USuas 200 Aaddas uaziWeSanaalse
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(FeCly) ANyt 20 Sadluans USuas 20 Aaddas NN FUFNIRZA8TLATLY
Usanas 2,850 lulasiasnudragrsdsunas 150 lulasaas udnfvludidaduia 30
wIN LLa:ﬁnmf@mms@@ﬂﬁmmﬁmmm’mﬁu 593 wluluas AnuaIRITaluATdn
arlidanavanlul JAsenaanGLaTu-3anTn (% remaining) AIWITAN [(A—A)A,]
100 1ila A, Lﬂu@hﬂﬁg@ﬂﬁmmwaoé’aaﬂ'w’g@muqu%ﬂﬁmaaﬂ% (trolox) LTu&3

dMuanladaIzanaIgIw uas A Ludnsgeaniuuaiasiieteinasay

= a en A [
4, ﬂ']iﬂﬂ‘]srlﬂ'lillla ﬂ%tlﬂada&lﬂ@ll%ﬂﬂ')"&lsa%

LT NAIDLINANNLHOLAILAZNAINIHETN LauaaTuiialilawialszunm 20
Aa A % eq: o a 6 n:i A A 2 va =\
88N NBwNAeTERn Tl aswLl asaNtatginnuTaulasldawine T w T ua
sunuiliuanaidines (DSC7, PerkinElmer, Waltham, USA) lugsgmunnd 25 fia 120
AIFLTRLTLR ﬁmu@é’m’m’mﬁuqmﬂgﬁ 5 adeLTaLTyadawIn wazlminudaiduwavi

=3
AIULH

msﬁgﬁ)ﬁmﬂﬁ'ﬂmﬁmaa‘[ﬂsﬁﬂuia%mm:uanﬁu ﬁmsmwmuqm%nﬂﬁmﬂsﬁu
\FORMWTTINTIGT 47-50 09T TU8 waz 73-75 a9ALTaLSus ANEIaL aaTe
IWILVBY Matos et al. (2011) Qmauﬂ'ﬁL%aﬂ’nﬁaumaaﬁﬂﬁm’maau laun annd
S (onset temperature: T,) qm%nﬂﬁﬁﬂ (peak temperature: T,) amwnndgaring

(conclusion temperature: T,) ﬁddqm%nﬂﬁ (melting temperature range: TT,) LA

lawnad (enthalpy: AH) vaIMSIRDEAWETTNT GV lU TR
= a o P
5. m3dnpnsilfsnuldasansamenieaanisinng

ﬁﬂmﬂ’mﬂﬁ'ﬂmmmé’ﬂwm:moﬁgam;J"Smﬂ“uaonrﬁnmﬁaum nawuLiten uaz
b Tagassuiitatfaau3insves Smith et al (2000) leun nisasanwitoLiiolu
WasNIAUANMNLTNTY 10 1Uasidud waztan uaa 50 waz 70 LtUasidud eudau
wasniusamatewsannuvilwusinazla laoliesasasontuitasaluiarzuuiie
(TP1020, Leica, Wetzlar, Germany) tiwiaan 18 Talug anniwinluvinnnsduuaznsalu
wiAnlaglfinsasnaanisfu (EG1150 H, Leica, Nussloch, Germany) waavinlw
wnAnudselagldin3asrinnnuidu (EG1150 C, Leica, Nussloch, Germany) Lazaa
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WalfalasldinIasaaduiite (Jung A.G., Heidelberg, Germany) l#unsuszana 3-5
lulasiwes shldddesluwihduiinauaaduwneldibaidainziualad udrdauifiu
aldouuurualad auludauauiau (oven) Ngunnil 45 asenaaifos duiia 24
Tilug nasnnswihandauiiiafvadin&dumandau (hematoxylin) uazdanainat)

' 6 =< v A a . o ' A o =2 [
senIsimasuas lrlnwandualuda ladu (eosin) uaziunualand laundnsatald

v 6 ¥ Ao o '
ﬂa?Nﬁc]'aﬂiiﬂuLLﬂﬂlﬂjLLﬁGVlﬂ’mdmﬂ’]ﬂ 400 LN

¢ <
6. ﬂ’liﬁﬂ‘]ﬂl’lﬁ]dﬂﬂizﬂi)ﬂﬂi)dﬁ’l(ﬁ!%’lﬂtﬂaﬂ

=l ‘V ] =3 a o =3 1 o v =} ~
WwIsNaaganaalaiiia lagsinaa luiiwnszuawmavinusnuutdanuds Tag
THasasvinurialaging (Delta 2-24 LSC, Christ, Osterode am Harz, Germany) 3104411
A10UNNAANIINUBIAUAITUAY Naw1 l3LaTe W IR LI NaULAS LN WNINATZ Y
U a a 6 c§ a a 2 €a 6 a
289519 I@ﬂmﬂﬂummﬁmmqmLmﬂimm ﬂizﬂaﬂJle]@]’JElaqﬂﬂiﬂ,L’JLﬂﬁz%'ﬁﬁ(ﬂL“ﬁd
ANTIN (energy dispersive x-ray spectrometer: EDX) (X-MAX, Oxford, England) faad
uumﬁ”aaﬁ;amiﬂﬁﬁLﬁﬂmammudaamm (Quanta 400, FEI, Oregon, USA) uazld

%

Madue18 500 L¥in

=S a a ¢a
7. MIANEIE1TIRNI NIz Lo 1ngan

Anmasdunignssnelalusinveslaiia tessusainalasldinefialgass
lafaualulasiandunsnan (headspace solid phase microextraction: HS-SPME) 1ag
st dudmvestarissaliidnnin uazindregnaiminyszam 5 niu ldluwa
\@asiL (Hewlett-Packard, Palo Alto, USA) 3ana3 10 diaddas lfdagadu SPME il
asluwandwad laufiadlalu (carbowax/polydimethylsiloxane: CW/PDMS) A8
20388 75 lulaTiuas @wﬁ'umﬁzmﬂﬁqmﬁgﬁ 60 aseiwaldoaidniia 30 wif
mmfuﬁ']m”’s@@sﬁ'um’il,mwzﬂ@ oldufalasuilansad (Trace GC Ultra, Thermo
Scientific Inc., Waltham, USA) shunuia3asasmaiaunasidnlasdiaad (1sQ Ms,
Thermo Scientific Inc., Waltham, USA) lasltaaausiiuuuatdan TR-WaxMS anugn
30 a3 Anwunwsasian 0.25 lulasiuay uazswiaveddurugudnasnely 0.25

Taaes laadanemululaIaddascy aith amANNUaIEIURARIIA0L19 260 9967

9 u

a Aaa ~

LTALTUE DAIINTT MMATAILAFEADY LYINNU 1.5 dadaasdawin amnndntaluwgrwild

9 U
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Uii?ﬂafﬁ\lﬁﬁ&lﬁ%ﬁ 35 aammmeﬁﬂa LLﬂtLﬁ&JfﬁGg@]ﬁﬂ 260 aammmeﬁﬂa lumumaa
A v a 6 ¥ ' 0/ a e ¥
Lﬂia\‘i(ﬂi’]ﬁ]’]@]LLﬂJﬁﬁL‘ﬂﬂI@ﬁ&lL(ﬂﬂi 1°1ijaawaamumnmanmaﬂaaa"l,u,l,smu I@]Ell‘]i

aownd 200 AIFLTRLTR

8. n'ls"“amﬁzﬁffaagawma?la

1’10LLNuﬂ’ISY}@aaGLLUUEj&Ja&JHEQI (completely randomized design: CRD)
Anreitayalanlglsunsa SPSS 1283%U 17 (SPSS Inc., Chicago, USA) T1HIMUKA
iagalugﬂmmﬁ'u + mmﬂmmﬂﬁ'aummg’m Aenzianuudsinuvesdoyauuuns
\ien waziSeuiisudayalasld Duncan Multiple Range Test fivzautibdAy 0.05
wiounImIANMFIRUE Tz Iz Iz M ERS M TANe AU T Asuud sl AT
pandiat laplfrraunusvaaNosau (Pearson correlation: 1) wazT1aduuaLln
FuLTeANTaRaUNUT (correlation coefficient: r) UAZUAAIRNNITOADBLIZAINLINALNT
LﬂﬁﬂuLLﬂaaﬂﬁﬁ%maan%mfu@hﬂaumﬂﬁuma (Y = mx + ¢ Way @ans
LﬂﬁlﬂuLLﬂmﬂﬁﬁ%maaﬂsﬁmfu X §i8 IAMERAINIIMY (TAlua) m fia AATH Uaz ¢
fAD IAAALNL y



Unin 3

NAaN1IANE

1. maulasuulasijisonsandiagulunaiaiie

maasundasdfiseneendiatulunaruitauaiuaznaruiitas1n Gaviagay
1a9A% DPPH URAIGININT 2a LAZ 2b @NNEIAU NIIAIWaaNTLaTWIAIaaada81d
datiadtuasndisuany laganizniele 1 $alususn weldwuanuuandislusig 1-8
109 Tuna1uthouad waz 12-24 5109 Twna1uiihor1? G90a1aaadaNs1an 1ag
' Aa o PPN a o o A o & & a A A <
FrnAdmidulisoeandiatuiiigarasnduitens 2 viia fa N 48 134
@ A A ¢ =& & o & ¢ & & o &
WAINNTNNE TIAARILARD 5 1UasITud lwnauthanad Laz 6 tWasidud unaiuLikasin
A = ~ “ 1 A @ A a & @ '
W aLTH UM IUNUANTNAWLN LT NLNUAIDEN
maasundasdfiseneandiatulunaruitauaiuaznaruiitasnn Giaviagey
135 reducing power LEAIAININT 2¢ Uaz 2d NSIGD s ul fAseneanGiati
anadagNIGaLhaItuaILdTNa® Tastanwiznteln 1 FAlNInIn Wwa8INUNNT
71980010835 DPPH Lél lwuanulandnglutg 112 $2lud NIluwnautihounad was
o & A ' = v A <& o A ' A o
NRINLIHDTN LA TANANRIDL1IL AW LATADNATIIWTLUIN 24 1aTI98 N TNITAT
Ujfiseandintudingazesndaiiions 2 iia fe Naa 48 Talasmondanias 44
AARILAAD 22 LUBSLTWE twnatulhanad waz 29 tlasidud lwnaiutiaain i

a a v A o A A & o .
WIHUNEUNUANLIN ALY DLINLNLAIDENY



(b) o
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)

S
o2}
(=]

DPPH (% inhibition)
DPPH (% inhibition)

0 4 8 12 16 20 24 28 32 36 40 44 48 52 c 4 8 12 16 20 24 28 32 36 40 44 48 52
Postmortem delay (h) Postmortem delay (h)

100 4

—
)
S—

(d) 100 -

Reducing power (% remaining)
Reducing power (% remaining)

0 4 8 12 16 20 24 28 32 36 40 44 48 52 0 4 8 12 16 20 24 28 32 36 40 44 48 52
Postmortem delay (h) Postmortem delay (h)
)
d 4 man A o o X - o o van o & o X @
NNN 2 ﬂ'mﬂaﬂuu,ﬂaoﬂgmmaaﬂmmﬂuﬂa’mLuaﬂmuammaamsmal 48 °U’JI&J<] I@]Ul‘ﬁ’sﬁ DPPH na uL4aLayd (a) as NRINULWEUII

LY

(b) U8z reducing power NSWLHAUAT (C) UAZ NENNLHEYN (d) DNMINENNRLEAIIIANULANAINWaENIIRBEANEDA (P < 0.05)
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[ o a n€ [ o 6 = 6 @ ] n:i aan a %)
mauﬂs:awﬁaﬁauwuﬂaaLwmam:wmmsl,ﬂawuﬂaoﬂgmmaaﬂmmusl,u
v dq’ v ﬂq’ vaa . a et o 6
nauLihauadsuaznaNitard lasle3s DPPH was reducing power 4ANNFNNUTLUL
wsiuwasanulasfivodaniin1ead@ (r = 0.799-0.970, P < 0.01, n = 32, M3WN 2)
- =1 % %> 6 o %3 p.i aaAana
WAZLIRINIYARINITANY (X) HANVFNAUTHUUMUINNERAUNITIU R susdasdazen
sandiagulunsuiitauasuaznaaiitaa (Y) nalagldis DPPH waz reducing power
4 v =) 2
[r = (~0.684)—(—0.855), P < 0.01, n = 32, 37197 3] lagnsaTnasaueae3s DPPH (1 =
0.671-0.731) zAANNFNWUIALITHZIANAYRRINTANENINNINIT reducing power
2 ) ¥ 2 o o
(F = 0.468-0.534) uaznsaasaulunaiuiitasid (F = 0.534-0.731) zHANUTFUNUT

e L U v g 2
ﬂllizﬂ:L’m”m”lﬂ%ﬂdﬂ’ﬁ@ﬂﬂ&ﬂﬂﬂ?’]luﬂa’“I&lLﬁi’JLL@]\T (r =0.468-0.671)

dl [ [ a A; % % 6 =1 6 ] dl Aaaa
A139N 2 ANFNUTTRNDRNINNUTVBILNLIFY (1) SenIensidfouudasdnse
AONTLATI NN HALAILAZNAINL AT AR AINITANVaIUA TS eauInInuad

o o 6 L R [l A o o R n' aAa
ﬂ’J’]&lﬁ&l‘W%ﬁLLUULLﬂiNu@ﬁﬂﬂ%ﬂﬂﬂd&luﬂﬁ"lﬂfy?JG‘Y]'NE?(E]@I (P <0.01)

Parameter DPPHg DPPHy RPg
DPPHyy 0.970

RPg 0.938 0.928

RPw 0.828 0.840 0.799

DPPHg, % DPPH (2,2-diphenylpicrylhydrazyl) scavenging activity in red muscle;
DPPHy,% DPPH (2,2-diphenylpicrylhydrazyl) scavenging activity in white muscle;

RPg, reducing power in red muscle; RPy, reducing power in white muscle

A13199 3 FUNITNANBYITTRININAINERKINTANE (T2 1a09) vaslafia (X) uazny
ldl aaa a et v dy v dq’ (i oq: =
Ll]aU%LLI]’LNI]QT]?EHﬂﬂﬂGﬁL@%uluﬂﬂﬁﬁJL%BLL@NLLaZﬂaWNLua"D’H (Y) audIninuad

ANMUFUNBILULULTRNRWALMNERaIN Ik dynada (P < 0.01)

Y variable Regression equation r

DPPHR = -0.703X + 33.674 -0.819
DPPHy, = —0.655X + 33.331 -0.855
RPRr = -0.884X + 57.872 -0.684
RPw = —-0.683X + 58.721 -0.731

DPPHR, % DPPH (2,2-diphenylpicrylhydrazyl) scavenging activity in red muscle;
DPPHy,% DPPH (2,2-diphenylpicrylhydrazyl) scavenging activity in white muscle;

RPg, reducing power in red muscle; RPy, reducing power in white muscle
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2. M3t agunlasaNiifBIAINI DBV BINAINLHE

maﬂml,mmaaﬂﬁﬁmfraumLLazﬂﬁmLﬁam’ﬂu@”’;amaf’g@muqu 0 Flug)
wxaan il fouudsssutiaifonnuson lasnunisifoaninasslusanlalodulu
nawLitauns (qm%nuﬁl,‘%'mm 41.92 D3ALTALTUE, QIANDANA 46.25 09ALTALTOF Uas
pannilgayng 48.72 aseLTalTo) (MWl 3a) waznanuLiten (qm%nﬂﬁﬁuﬁu 44.45
paenaITE, gunniiNe 46.88 pvrniralfus uazgmunnlgaring 48.62 aseiaalfus)
(MW 3b) wazuenfinlundwiitanas (qm%nﬂﬁﬁuﬁu 66.33 89eLTALTUE, QUNRNANA
70.84 a3aLwalToE Lazaunnigaring 73.47 a9l TalTe) (MWT 3a) uazndwiite
2717 (qm%nﬂﬁﬁuﬁu 68.31 adaLmalTus, gsnndfa 71.04 asatoaldos Lazgunnd
§aYNy 73.42 89ALTALTIR) (Wi 3b) wananmalisuudasasldsiunlaloduuas
wenfinud saasranumsiasuudasvaslusduunssfialunduiionas ‘ﬁ'ﬁqmﬁgﬁ

LSNAY 77.18 0IALTRLTUR qm%nﬂﬁﬂ’ﬂ 82.04 aIFANLTRLD & LLa:qm%Qﬁq@ﬁwm 84.06

DNFLTALTOR (NMWN 3a)

@ ~ , A va a o a
izﬂmﬂaq.ﬂqﬂ%aﬂﬂqi@nUNNﬂ@aﬂqsLﬂﬂﬂuLLﬂaﬁﬂNU@]Lﬂjﬁﬂ’yluﬁauTaGIﬂsﬂu

(2 A

TulaBulazuaniwlunaiuiisand 2 vha Qmé’nwm:ﬁﬂ laun qmwnﬂﬁﬁmu qmﬂguﬁﬂ
awnniigaving Ta9amnnd uaztanniadvasnisiiasniwaasldsdn wuinladanw
WANGIAUNNFDA LUTIIAN 0-12 TA N9 wadumiliuaaadluaalasi 24 (P < 0.05) au
ligwsnanaialdlugisnagarie (113190 4 waz 5) lulafuuazuanfiulundiaiiie

a ' A o ' ' % A A
wad Aanuldansidfsuudasnionasmsans lduandisny (9135199 4) luamen

U dq’ a = 1 dl 1 a a nl U

NRNLHTN wanwiaN daniniaswulasninninluladu I@ﬂqmﬂgmmmﬂu

1
o o A

72ladf 12 Jenuuanavadnsivsdman WallSousununa 0 5lus (1371979 5)

“ﬁuoqmﬂgﬁmaavl,wias‘fml,l,azl,l,aﬂﬁusluﬂﬁmszaLLm"lajﬁﬂﬁLﬂ?{ﬂuLLﬂao (31971
4) walunaraiiarn ﬁaaqm%nﬂﬁﬁumiﬁuLﬁuifummwznmmmé'amimmuﬁa
F2la97 24 (P < 0.05, 13197 5) gmsuiawmaduaslaladulundruiionns wuinden
ﬁamﬁqaiuﬁ'ﬂmﬁ 24 (31971 4) ustaumaivasuanfinlundruitanas (@19797 4) U
Tulafuuazuanfinlunduiiann (@13197 5) ldfianuuandvadeiitediny wavas
Laumaﬂmaﬂuia%uua:uaﬂﬁﬂuﬂﬁmLﬁﬂLL@@ﬁﬁﬂﬁﬂﬂﬁq@MfﬂMﬁ 24 (7197 4) udt

v A’ A v A R
I%ﬂa'T&lL%a"ll”l'J wanmaumaﬂumlﬂammﬂu
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Heat flow rate (W g™)
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1.265 T T T T
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(b)
2.300 Actin

Myosin T,
2.295
2.290

2285

2280

Heat flow rate (W g*)

2275

2270

2.265
35 40 45 50 55 60 65 70 75 80 85

Temperature (°C)

D.

Ani 3 sudidennusauvadluladu uazuaniin laun AT (T,)

u

12
= v A

amnANe (T,) uazamnnigaring (T,) lunsuiitanas (a) waz na1NLHaa17 (b)

maaﬂmﬁaluq@muqu (0 T2l MERRINTANE)



A13199 4 Qmé‘ﬂwmzl,%am'm%“amaﬂﬂiﬁﬂﬂaéﬁmmumﬂﬁu lunsuiiauasuasdafiaudasing menasmsaalus 48 fﬁi&ld ﬁ/ﬂaaLLﬁ@NLﬂ%

ANaly (ANUANALARAIUNIATIIN)

Postmortem Myosin Actin XAH
delay (h) T,(C) T,(C) T.(C) TeTo(C) AHUg) T (O T,(C) T.(CO) TT,(C) AHUg) Ug)
0 4192 4625 4872  6.80" 0.37° 66.33°  70.84" 7347 7.14° 0.35" 0.73"
(0.33)  (0.35)  (0.42) (0.10) (0.01) (0.24) (0.06) (0.05) (0.29) (0.03) (0.04)
1 4350°  47.33°  49.92° 6.42° 0.47° 68.01°  71.92" 7457 6.56" 0.35" 0.82°
(0.26)  (0.01)  (0.27) (0.01) (0.02) (0.01) (0.24) (0.42) (0.40) (0.01) (0.03)
2 4317 4759°  52.12° 8.95 0.53° 68.50°  71.59"  73.71° 5.22° 0.32° 0.85°
(0.36)  (0.12)  (0.75) (1.10) (0.01) (0.88) (0.12) (0.29) (1.17) (0.02) (0.01)
4 4491° 4784 4993 5.03" 0.52° 67.48°  70.92" 7343 595 0.34° 0.86°
(0.75)  (0.47)  (0.79) (0.04) (0.19) (0.07) (0.01) (0.02) (0.06) (0.01) (0.18)
8 4318  46.34°  48.80° 5.62° 0.58 67.68"  70.92" 7350 5.82° 0.37° 0.90°
(0.90)  (1.18)  (0.95) (0.05) (0.16) (0.55) (0.01) (0.19) (0.36) (0.03) (0.19)
12 4465  48.34° 5054° 5.89" 0.51° 68.13°  71.58"  74.16 6.04° 0.29° 0.80°
(0.83)  (0.47)  (0.50) (0.34) (0.02) (0.35) (0.01) (0.01) (0.34) (0.04) (0.05)
24 39.60° 4225 4435 475" 0.24° 62.89°  67.000  69.95 7.06° 0.25" 0.48"
(1.54)  (1.29)  (1.10) (0.44) (0.06) (1.20) (1.18) (1.02) (0.18) (0.03) (0.09)
48 nd nd nd nd nd nd nd nd nd nd nd
nd, @379 biwy; T, qmﬂqﬁﬁwﬁu; T,, am%qﬁﬁﬂ; T., qmﬂqﬁq@ﬁm; T-T,, moqm‘ﬂqﬁ; AH, 1uMad: TAH, NaTINawadvadlulabuuazwaniis N

9

anwInaNwlnAasuTLA g NMLEaIAIANULANAINRagIdsaEANIEAa (P < 0.05)



A13199 5 Qmé’ﬂwmu%amﬂﬁamaﬂﬁiﬁu"l,ﬂa%ml,aul,aﬂﬁu lunsuiieanvesdafandasne amenasnisanaluglg 48 fﬁi&l\‘l iﬂHaLLa@GLﬂ%

ANaly (ANUANALARAIUNIATIIN)

Postmortem Myosin Actin XAH
delay () T,(C) T,(C) T.(C) ToTo(C) AMHWg) T (O T,(0) T.(C) TT,(C) BHUg) g )
0 44.45"  46.88° 4862° 4.18" 0.39° 68.31°  71.04  73.42° 5.12° 0.34° 0.73°
(0.22)  (0.03)  (0.23) (0.44) (0.01) (0.50) (0.50) (0.37) (0.87) (0.09) (0.10)
1 4335" 4667 4868 5.33% 0.42° 66.28° 7067 7322  5.04™° 0.31° 0.76°
(0.38)  (0.06)  (0.22) (0.16) (0.10) (0.40) (0.35) (0.20) (0.20) (0.05) (0.13)
2 4342 4655  48.43° 5.01% 0.37° 67.06° 7042 7272° 566" 0.33° 0.70°
(1.17)  (0.44)  (0.39) (0.78) (0.05) (0.50) (0.12) (0.04) (0.54) (0.07) (0.02)
4 4365° 46217 4828° 463" 0.43° 66.26° 7029 7259°  633"° 0.42° 0.85°
(0.11)  (0.09)  (0.12) (0.23) (0.01) (0.08) (0.03) (0.01) (0.06) (0.03) (0.04)
8 4287 46217  4871° 5.84%" 0.54" 67.00° 7042  72.79° 570" 0.39° 0.92°
(0.09)  (0.09)  (0.33) (0.24) (0.05) (0.02) (0.06) (0.04) (0.06) (0.03) (0.02)
12 42.16"  47.00° 47.9° 456" 0.43° 65.99°  69.92°  73.26° 7.27%° 0.39° 0.81°
(1.69)  (0.29)  (0.34) (0.06) (0.09) (0.06) (0.47) (0.05) (0.11) (0.03) (0.12)
24 30.72° 4346  45.96° 6.24° 0.32° 62.20° 66.79°  70.12° 7.92° 0.33° 0.68
(0.03)  (0.33)  (0.27) (0.29) (0.04) (0.60)  (0.15) (0.27) (0.34) (0.04) (0.04)

48 nd nd nd nd nd nd nd nd nd nd nd

7

nd, @379 biwy; T, qmﬂqﬁﬁmu; T,, am%qﬁﬁﬂ; T., qmﬂqﬁq@ﬁm; T-T,, moqm‘ﬂqﬁ; AH, taunal: TAH, waTNtawmaduasluladunazianiis

8¢

9

o a o @ 6 A o = ] [ ] A o o o aa
anmwmonulumaauummnuuammmmLL@mmaﬂuamwmammumafmm (P < 0.05)
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3. msmﬁs_mu,ﬂaoé’nﬂm:moqamﬂ%mﬂmaoné"\mﬁau,azs'fu

3.1 msmﬁsmu,ﬂaoé’nﬂm:moqan'lsl"“m'mmaoné"ml,ﬁa

msﬁﬂmmsmﬁuuuﬂmé’nwm:moﬁ;aﬂ’m?mﬂmaanéﬁuLﬁaﬂmﬁammﬁhmi
a8 48 TILUY WUINNANLHALAINLIAINIEREINITANE 0—1 T2lN9 UsznaudluLdwle
(% & [ [ & A A o & A . A
nauLiiaswInen feNsaudlsiitatfainadnusulanlaluiGon (endomysium) wasi
6 & A % A 1 1 2 2 n&’ n:i
LIARLAALRBALAY (red blood cell) LLa:LauLaa@LmSﬂags:m’maﬁlma’mma (MW 4a—
[ < 6 U (% ,_4?{' n' d' o va 1
4b) MURRINIANY 2—4 Tla9 wulrasaslwdulonaailalSuizauaae mlmgﬂﬂo
wWasuly uazdinsnuimadidaiiaauauninagiantas (MW 4c-4d) MunaIn1Iae
8-12 Tl wmauia"[uLéﬁwa@aaﬁmdaNﬁlﬁLé’fﬂﬂﬂﬁWLﬁaﬁgﬂiw,ﬂﬁﬂw,l,ﬂaﬂﬂ uavd
o f & A v A A @ o
MIFALAIVBILTARLIALRDALAILAZLFULRDN (MWD de—4f) ABRAINITANY 24 T334
wulawla luGonanadainaann inliaasaaluidulonfuifiogaiodl (AwA 4g) Tu
Fl097 48 WUNIIRANHAIVDINANLHaE AR LaTa laglanla lutGauaaada L

sansnthldidulandaileasgUinaauladn (nwd 4n)

nanuthas1vedsdarhalanwmevaddnlonsiuihedinonsoualuiiatia
A o & A L oA (% \ v a_ a \ o g & v
WNennuTwianla ludaugwdsins uansdandadaneninnauiiiauaadnias laswy
ANBUVBILER LNV ATALRIUNIANMERAINTANG 0-2 T2Lad (MWA 5a-5¢) UALI
WunTaaaduadtawla ludasindaslutiluef 2 (nwil 5c) lutaluei 4-12 tdule
) & A o A . = x> o v o Y A~ '
nawikaEuaaod wazioula lufouaaatatnainldta inliidulondudiafizling
wisuld (1WA 5d-5f) Aanmenasmsane 24 $alud LanlalaiGauaansanrinliian
v ,&' a A 1 A [ v ,_4?( A 1 @ 1A
londaniledinafsuudasguig iesnnwadmelundaiiadeusans wddilaiinng
[ ~ ¥ A % ,&' A o A
LanaanNIAERENLITAR WAL aTaLrdauna NLianad (AW 5g) Tutaluen 48
AMERFINTANY WUMIFALAVaINRMHae 1 Riw laTa lastawla luiGauanadating
wn Mlnliddszantamnlunsiadulonsuiie ssnaliidwlonauieldanunsaas

sUudwldsn (mwi sh)
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AN 4 a;aﬂm?mﬂmaona”ﬂmﬁaum (AANINVI) yasUadianonasnisanad
1381 0 (a), 1 (b), 2 (c), 4 (d), 8 (e), 12 (f), 24 (g) LAz 48 °ﬁ:’ﬂm (h) (MF = muscle
fiber, RBC = red blood cell, Arrowhead = endomysium) (H&E, scale bar = 10 ym)

' o I \
MANDYURNNNNIRIVEIE 400 LN
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2NN 5 agamﬁmwaonﬁwmﬁama (AANINVI) yasUadianionasnisanad
1381 0 (a), 1 (b), 2 (c), 4 (d), 8 (e), 12 (f), 24 (g) LAz 48 °ﬁ:’ﬂm (h) (MF = muscle
fiber, Arrowhead = endomysium) (H&E, scale bar = 10 pm) ﬂﬁwmﬂﬂ'uﬁﬂﬁ

finaguee 400 v¥in
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3.2 ﬂ’litﬂaEl%l,l,ilad5ﬂﬂm$ﬂ’ld’i}‘aﬂ’lEﬁﬂ'lﬂ‘llE]dﬁ]JLLﬂ&(ﬁiJEiE]%

msfinsmalisunlasansazianisinavesauseslarianienainieny
48 F7lu9 nudfian 0 T2 lus anwuzvedwaaaulnd lasdivaaaliaa (hepatic
. . ' ¢ & A Py a A o A @
sinusoid) unnay uaziasidaiieadansmee1s (Nwd 6a) Tutalaeh 1 wudnsme
> a ) ' 6 ° v [l o 6 & A A
msugnauaziiaidugasinglwmoasay vinlaioas Winedinh ez rasiialioaunadIs
Waswwlasguie (mwd eb) ludaluaf 2 wugesivluwadau uazisudnisaioas
€ & A € & A =] = o A A o A
LTARLAALREA laulTAalIalfaaduwalanad LaTHH IR aAlANYITUNIRY (WA
< A Aa & o & & A o o
6c) 12 U497 4 ISUNUMTANLVBILTARAL LALTAAIALRARALAIAULABUANA (AW
A o A & & & A o P
7 6d) It 1u97 8 WUNTANHVILTARAL LALITASLNALRDARAILAINAA (WA Be) Tib
alasf 12 Insaanwalrvasisasauidusiuwinannadiainlata (Mwi 6f) wazlu

FlN9N 24 uaz 48 LWUANEMIaU WAL 1HHaINRAIYAINUA
uaﬂmﬂﬁﬂ'\iwm"'udammiﬂag’im’mLsﬁaﬁm"'u TagnN1anadInITany 0-1 T2lad
6 A 6 1 a l [ 1 1 6 [ L5 Aaa =
wulrasefuniziventegnunwdungy udesimadusnnugaiau iuafoagdnan
mm@lmyjagjﬁgmmaamm? Lm:wuvl,sﬂmﬁml,l,mkbaagl'mﬂ‘lu"lﬁﬂwwméﬁu (NMNN 7a—7b)
) A a & A & o o & | , A o & \
Tuglugn 2 AaNITUINBILTRE AL TUNS m‘lmmamﬂaﬂugﬂiwLmzmﬂumnmu el
u"’amwuvlfﬂuLaw,ms‘hl,aagl'mﬂsluvlﬂwwmsfu (MR 7¢) Tt e 4 NuNIHAAI284
6 = 6 v % A oA =3 Y n:i <
LTAR LT UITLAILANGA LLazwuvl,énIuLaw,mshl,amaaagl,wmmnuaﬂ (MW 7d) Tusalas
71 8 [ RAazTUITISNINIFANLEN LLa:VL&iWUVLGITINLﬁ]uLLﬂSEJm (MW7 7e) wazluailasi 12

ldwuanuazuasmarasduws Hasnaaa@Iaunue (NWA 7f)
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NN 6 9MBANATBIAY (AAMINET) BaIUMRRMERAINIANENLIAT O (a),

1 (b), 2 (c), 4 (d), 8 (e) LAz 12 °ﬁ:’ﬂm (f) (HE = hepatocyte, Sl = hepatic

! o & A
10 ym) NMADYUUNAN

sinusoid, NC = necrotic cell) (H&E, scale bar

finaguee 400 v¥in
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NN 7 qamﬂ?mﬂmaaﬁuéau (AQANET) yostmilamenssn1sagiiign 0
(@), 1 (b), 2 (c), 4 (d), 8 (e) LAz 12 °ﬁ'I’JT,SJ\3 (f) (HE = hepatocyte, AC = acinar
cell, ZG = zymogen granule) (H&E, scale bar = 10 um) ﬂ’lwﬁ'lzl‘ﬁ'uﬁﬂﬁ

finaguee 400 v¥in
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I3
4, ﬂdﬁﬂizﬂﬂﬂﬂﬂdﬁ’l@!ﬁl'lﬂtﬂﬂﬂ

mawisuudssasindadsiiamenaimaanolugig 48 alas uEaIGININT 8
Tu 2 Talaausnaenssnisas (M 8a—8c) tnaadanmmsiSoy Sosaanwiusadoy
wazlavsaidadianuanysol uasadnadfouudaslugalasd 4 (mwil 8d) Tesindad
snwmeliSoy wadsaasssmanmdusndou lutaluef 8 (N 8e) uaz 12 (M 8f)
AEALALLFONRANWAININTY ﬁ]%i%Lﬂ(r‘lLﬁ%ﬂ’]ﬁuﬁl?TSZU%LﬂﬁﬂvLﬁNWﬂ‘fu Tugalasii 24
(MW7 8g) uaz 48 (MWA 8h) tndadanwaeuws uazlassasiidauriunuuesndadnig

amaﬁ‘uﬁauawyjstﬁ

ANH 8 anmmzadNIaUaIhananain1Iae 0 (a), 1 (b), 2 (c), 4 (d), 8 (e), 12
(), 24 (g) uaz 48 Falug (h) mwriwﬂ'uﬁﬂﬁaUﬂﬁaa@‘aﬂssﬂﬁﬁlﬁnmaml&usiao

NINARIVENE 500 LN

fnIunshueunwnszaszasmglundadaianiendinisanalugag 48
R EVK) WUUITI9TIRNG 11 Tile loun asuan ulasiaw aandian laday wuniigaw

AzaNley Tanan WaagWaTs MuzD® ARDIW LALARLTHN L8N IV ILNWATNN Lo

U

%

Fanwou lunand19nn waz g u1I0IILBNANNLANAIITZTRINITLHLLIATAIYRAINTT
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mﬁmﬁ:ﬁaﬁﬂs:ﬂaumaom@;mﬂmﬁ@ﬂmﬁa 10 USLIDH wm’]@qﬂ”\mm 8 wiha
(@17197 6) lapmgfinulunndisaadl 7 ofia ldud arsueu lulasiau sandiau

a a A o IS o et o Rt [}
I%L@U&l LunBbLTsy WoaWaIs LasLARLDTYN §1WITUMNEDY Wlll%?j’]\i 1 wag 4-12

o %

Tiluamenamineirnu lasmudszrfiadnndfvuudasedfiodaynong

nIene (P < 0.05)

aan%mmﬂumwﬁwumnﬁqw LLa:ﬁﬂ‘%mmgoq@luﬁ"ﬂmﬁ 0 WAT 24 NURRINIT

o @

a8 (P > 0.05) uazdinsaaasadsdnianlusienandug (P < 0.05) lagsaaaning
ﬂ‘%mmaan&auﬁauﬁqw fo TN 1 ez 4 usIaU ﬁﬂ@ﬁwuluﬂ‘%mmmmaoaam

A & P o A ~ | Ao o @ \ A
A ALY WU&HﬂV]q@IuT’JINGV] 1 LLazNﬂqiﬂ@aﬁaﬂ']ﬁlluﬂa’]ﬂfylu“ﬁ']ﬁL']a']ﬂus]

1
= £

' A a 6 v A A o v a 1a
monmwwuﬂsmmmsuauuamqa fa "IT’JIJJ\‘]VI 0 Lae 8 mmuvl,uiml,ﬁm FVEIREUslaftUalal
a o a a A o ) A ) A a
Vlii(@]l%‘ﬁ’ﬂ&ld‘ﬂ 1 LLazumia@aaamauuﬂmﬂnﬂu"manmau6] PRI NWUYIN I

9 A A o A o A A |a v A o
VL%IV]?LQ%%QUV]%@ Ao “ﬁfJIJJ\‘]VI 0 ‘E’](ilWaﬁWaimLa:LLﬂaLsﬁml &lﬂj&ﬂﬂﬂﬂalaﬂﬂﬂﬂu I@]ﬂWU

o %

a o A = oA o A ) A a
u’mﬂq@lumimw 4 LLa:umia@aaamauuﬂmﬂaﬂumﬂmau6] PRI NNUY TN

WNogWata LLa:LLﬂms‘ﬁwﬁaﬂﬁqm fo TN 1 Waz 48 LTWLALING

a A oA o > a A o A a | 2
I%L@UN LAUNWLDTHN LaznNIdSOY Wﬂluﬂiuqmﬂuaﬂﬁ\]’]ﬂ I@ﬂ&ll]ilnmvlllﬂﬂ 1

& & € ! & a A A A 1a o A
LUa LT e maﬁLLiﬁ']@l“ﬂﬁ'ﬁN@ ﬁqﬂqISﬁL@UNLLazLLNﬂuLGﬁUNNﬂiﬂquﬂﬁq@luﬂj')I&lG'ﬂ 0

=

AMUARINTABLTULAEINK (P > 0.05) udtranafwuySunulodsutiesiize fa

q

109N 48 LLamhanmﬁwuﬂ‘%mmmﬂﬁlﬁwﬁfaﬂﬁq@ fa Tluan 1 Tuame NNz nn

WLLINEN 4 TRV I@ﬂﬁﬂ‘%mmgoq@sluﬁ"ﬂmﬁ 1 L8z 4 (P > 0.05) LAzAARIDL

LY %

Hupdanlusalusi 8 uaz 12 (P < 0.05) uazladamawudnlutilaen 24 uas 48



P & € & 64 o o & P [ \ o v ! a o !
$119791N 6 ﬂ@ﬂﬂszﬂﬂlﬁlﬂ@ﬁq(ﬂ (LﬂﬂiL‘ﬁu@lu'}%%ﬂLL%G) Nnaadaiita .ﬂ’m%adﬂ’ﬁmﬂu‘ﬁ’m 48 TQI&N mﬂaaLLa@ﬂLﬂuﬂqLﬂaﬂ (ﬂ’maﬁlt.j{(ﬂ - ‘Fn&nﬂq@l)

Elemental
profile Postmortem delay (h) SEM P-value
0 1 2 4 8 12 24 48
c 34.74° 48.96° 37.53% 37.12% 34.50° 39.28"° 37.33% 40.97% 0.96 0.007
(31.78-37.69)  (46.53-50.59)  (34.99-40.44)  (34.27-40.43)  (31.18-36.44)  (36.10-41.83)  (34.02-42.29)  (38.44-43.56)
N 4.86° 16.40° 6.80" 7.12% 5.92% 7.80° 6.02" 10.27° 064 < 0.001
(2.63-7.06) (12.48-19.76) (6.06-7.50) (5.89-8.79) (4.14-7.28) (6.22-9.17) (4.11-7.38) (7.17-13.51)
0 48.26° 31.62° 46.08" 38.45° 44.71° 45.32° 48.59° 43.85° 114  <0.001
(45.60-52.45)  (30.08-33.41)  (42.96-50.26)  (34.68-41.72)  (42.50-49.53)  (42.14—49.45)  (45.37-51.44)  (40.53-48.97)
Na 0.38° 0.16" 0.37° 0.33° 0.26° 0.21% 0.20% 0.15' 0.02  <0.001
(0.28-0.51) (0.11-0.25) (0.32-0.40) (0.19-0.40) (0.19-0.33) (0.14-0.34) (0.17-0.27) (0.11-0.23)
Mg 0.42° 0.10° 0.38" 0.34° 0.40" 0.29° 0.36" 0.29° 003  <0.001
(0.30-0.49) (0.04-0.18) (0.29-0.47) (0.29-0.40) (0.33-0.46) (0.25-0.39) (0.30-0.41) (0.17-0.38)
P 5.25" 1.25' 4.42° 6.45" 5.98° 3.54° 3.99% 2.46° 0.36 < 0.001
(4.58-6.20) (0.38-2.28) (3.18-5.69) (5.33-7.38) (5.06-8.08) (2.80-4.39) (2.93-5.57) (1.56-4.31)
S nd 0.15° nd 0.14° 0.11° 0.10° nd nd 002  <0.001
(0.07-0.20) (0.13-0.18) (0.07-0.18) (0.06-0.13)
Ca 6.08° 1.36° 4.43° 10.05" 8.12" 3.46° 3.39° 2.02° 061  <0.001
(4.70-7.38) (0.33-2.94) (0.33-2.94) (7.69-12.08) (5.43-11.99) (1.82-4.89) (2.02-5.63) (1.03-4.02)

nd, §1N3INTATIINAVAINTATIAIG

ANHINE1INW LD IALINWULRAIDIANNUANE1I N WAL

LY

8!

YNIEDG (P < 0.05)

A
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5. 813D WN3 8Nzt la Lssn

a 6 a a €n=i a % o
MIazAaIawnIgnTzne lalusnia1fian onadn1Iay 48 32189 WURIT
UTeNaUNIRUA 65 THa I@m,ﬂumﬂuﬂajm,l,aaﬂaaaﬁ 14 THa LOAGLIR 17 THa 28LA
2 Tha 1aiw 2 THa a1TUsznavezlsudn 9 The LaFNeT 4 Tha Dulaa 2 THe Alaw
a o Q a 6 A a lﬂl a 6
11 o5l #17UTEnoUMNZO® 2 1A wazinasvu 2 THa (397 7) NanIIIATEA

ﬂ‘%mnmmaomnl,@iaznziwlul,wia:"ﬁ’mnmwmﬁﬁmvl,&i@mﬂ”umoaﬁﬁ (P> 0.05)

e o o A

sadsznavlunguuaanaaadnadndzy fa 1-octanol, 1-octen-3-ol Laz 1-pentanol
%ammwﬂunﬂmanm I@ﬂﬁﬂ%mmgaifﬂuﬁﬂmﬁ 1-8, 1-12 U8z 1-2 NYRAINIT
AUANEIAL LAZAARS lIANAaNN ﬁmﬁﬂ‘%mmﬁfaﬂﬁqﬂuﬁ'ﬂmq@ﬁw (P < 0.05) 813
(52)-octa-1,5-dien-3-ol a33anulu 24 Falugusn ﬁﬂ‘%mmﬁui’fu@ﬁq@lufﬂmﬁ 1 Uy
12 LLa:a@aaluﬁaaLaaﬁﬁuq &7 1-hexanol, 1-penten-3-ol LA 2-octen-1-ol @mﬁ]waﬂ,u
12 $2lawsusn Tagans 1-hexanol Susunaclauanensriuluusazgism dam 1-penten-3-
ol ﬁﬂ%mmmﬂﬁq@ﬁnm 0 Talud uazanaslugiaandenn §1%3U 2-octen-1-ol §
ﬂ%u’]ml,ﬁu*’ﬁyu@’mﬁ’mfaa'} ®17 1-butanol, 2,6-dimethyl-4-heptanol ez isoamyl alcohol
avralinulugasusn wanulugronas lag 1-butanol asrawulutalued 12-48 uazd
wnliuRnduaugronan wwmed 2,6-dimethyl-4-heptanol avawulusalasi 12-24
L&z isoamyl alcohol asranulutalusi 24-48 Tagfienliuandraiunada nananit
Fafiasinulaluunegisiaan Tedun 3-vinylcyclohexanol (8 T2la4) waz benzeneethanol
(24 F1lu9) §IUs"3 2-penten-1-ol ﬁgﬂl,muﬁvl,ml,uuau fa avanuluwunatiaan uazd
A lduandnanis

ea

svdznavlunduueadladnddny Aa 2-octenal, hexanal, heptanal, nonanal
uaz octanal G9a3rawulu 24 T2lususn lag hexanal, heptanal waz nonanal JUSunm
AARIATNTZUZIAMEBRAINIIANY &% 2-octenal WUTHLTNMUFIFALUT 8 T2 la9usn
I8z octanal ﬁﬂ%mmgaq@lu{"ﬂmﬁ 4-8 §mSDE"T pentanal a19nuluTag 4 Thlug
WINLYNTI Gﬁaﬁﬂ%mml,mﬂ@i’mﬂ”uaﬂ"mﬁﬁfﬂﬁ”nﬂ”mﬁ:wj’mﬂmslwg@muqu (0 T2 l34) uaz
TANARBY 817 hexadecanal asanulutalusd 1-12 iniu uasfUSanmanasany
7981 FIRTURNT 2-isopropyl-5-methyl-2-hexenal Uae 3-methyl-butanal @333Wu 113729

Mev8IN1INaad 1ag 2-isopropyl-5-methyl-2-hexenal Wulugilusn 24-48 uazilen
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laienarunsafia §u 3-methyl-butanal wuluzalusii 12-48 I@ﬂﬁ@hgoq@luﬁﬁmﬁ 24
wazanasadadindaglutaluid 48 wonanitdidueadladiinu laluunstasaan
laun 1-methyl-3-cyclohexene-1-carboxaldehyde (8 "ﬁ;ﬂm), 2-decenal (4 %;uim),
2-nonenal (4 "ﬁ;ﬂm), 2,4-decadienal (4 "ﬁ;ﬂm) ILae 5-methyl-2-phenyl-2-hexenal (12
T7lu9) §IMIURTT 2-hexenal, 2-heptenal UaZ nonenal wm']ﬁgﬂl,l,uuﬁ"l&ilmuau

LHHAIINATITNU LA L LNITIILIRLYINb

°

msﬂs:naulun@ué’amuﬁm 17y A8 pentadecane %amnwﬂunﬂmanm
MURRINIANY wazdUSunalnalfssns §1uans heptadecane mnwmaww:ﬁnm 48
ﬁ'ﬁimwhﬁ?u ﬁ’m%’ua’ﬁﬂizﬂauluﬂf,jm,aﬁu mnwuluﬁ'ﬂmﬁ 24-48 wi'nfu I@ma’]i
3-methylbutyl-2-phenylethylidene amine f13unaslaiLaned1dn waa1s 3-methylbutyl-(3-

methylbutylidene) amine Suwiliuanasluzalusi 48

asUsznavezlsandn fiNe9as benzaldehyde ﬁmnwulunﬂmanmmmaﬁ
e lasfUsinaniuduanagasna ﬁmgaqaluﬁﬁmﬁ 8 LAZAARI LTI daaN
fINTURT 1,2,3,4-tetrahydro-1,6-dimethyl-4-(1-methylethyl)-naphthalene avanuly 24
F2luausn Imﬁﬂ%mmﬁfaﬂﬁq@ﬁnm 0 Talug uazdenlduandrsnulugroaanas
niw 3 linolugrousn udasranwulugronas 1eun 4-methyl-phenol (24-48
$2139) uaz phenol (24-48 T11u9) lay 4-methyl-phenol waz phenol GuwalikuiRndu
ANNTIILIAT §IW benzeneacetaldehyde asranulutalusi 8-24 i wasfidnAndn
auga9tia wananfididmsfinuldluunstaona laun  2,5-dimethyl-3-(3-methyl
butyl)-pyrazine (24 "ﬁ;ﬂm), 3,5-dimethyl-piperidine (24 "ﬁ;ﬂm), decahydro-1,6-dimethyl-
naphthalene (1 "ﬁ;ﬂm) ILas indolizine (24 "ﬁ;ﬂm)

&a

miﬂizﬂaulumjmaamaiwﬁ’] 7Y f® hexadecanoic acid methyl ester F10377
wuln 24 Taluausn USunmansdannuuanarsnuamiztalasi 1 nusalush 0 uas 24
817 hexadecanoic acid ethyl ester a32aWulu 12 Taluusn ﬁgﬂl,muﬁ"l,mmuau laod
ﬁﬂqaqﬂlufaluaﬁ 1, 2 uaz 12 wenanigidasinulaluuistisia taun
octadecanoic acid methyl ester LAz (Z)-9-octadecenoic acid ethyl ester S‘i?owma,ww:
FAlu9R 1 st dmiuasdsznavlungudulan a399Wy 1H-indole Uaz 5-methyl-1H-
indole Tug2lus7 48 115t TapU5unasa9 1H-indole Fu1NN31 5-methyl-1H-indole

Uszum 8 1
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(3 I

a’liﬂizﬂauluﬂﬁjummuﬁﬁ’mq fAa 2-pentyl-furan, 2,3-octanedione Lac 3,5-
octadien-2-one F3a319nulug9 24 Talususn lag 2-pentyl-furan JuTumgigalu
F2la97 4 uaz 2,3-octanedione ﬁﬂ‘%mmgoq@luﬁﬁmﬁ 2-4 LAZANRIILIANABNN B
3,5-octadien-2-one A15umlaiuaned19n (P > 0.05) Wua3s 2,3-pentanedione l4e14 4
T la9usn I@ﬂﬁﬂ‘%mmgoq@luﬁﬁmﬁ 1 unzanasluasesn wananiigadasinule
Tuun93291381 beun 4-ketoisophorone (2 "ﬁ;ﬂm), 6-methyl-5-hepten-2-one (2 "ﬁ;ﬂm),
cycloundecanone (24 "ﬁ;ﬂm), 1-phenyl-ethanone (48 "ﬁ;ﬂm), 2-pentadecanone (48
"ﬁ;ﬂm) L&z 3-methyl-3-decen-2-one (48 "ﬁ;ﬂm) &% 3-undecen-2-one ﬁgﬂLLmJﬁle&i
wikon Litasanamanulaluunetisnm @ lasi 4, 8, 24 uas 48) ludSumlndifns

>

nh

sydsznaurusauiing ledun dimetyl disulfide uaz dimetyl trisulfide Wulugis
1 24-48 Talasmewsinsns lasfuw liuRvduetafdoddyanataan s
svdznaulunguinesiu @3awuaT a-humulene Tugalasfi 24 (P > 0.05) uaz
trans-caryophyllene wuluunggaaiaan (“ﬁ'ﬂmﬁ 1, 2, 8 LAz 12 mmé’ammm) laad
YSunawlduandnanis



A a a e A a o :’ e [ ' < v ' a a [ 3 :’
N3N 7 ﬁﬂiﬂ%ﬂiﬂﬂi&%ﬂv[@ﬂ%‘ﬁ’m (NAANINGNTNUIRWNTD) ﬂﬂﬂ%ﬂdﬂﬂi@l’]ﬁll%‘ﬁ’)d 48 °D’JI§J\‘1 °llQHaLL&@NLﬂ%ﬂ%ﬁlaﬂﬁﬂﬂﬂ’ﬁ’lmi’w% 3

Class Volatile compound Postmortem delay (h) SEM P-value
0 1 2 4 8 12 24 48

Alcohol 1-Butanol - - - - - 11.33" 2134 3207 2.57 0.007

1-Hexanol 8.27 10.11 10.43 8.29 8.17 10.60 - - 1.11 0.654
c a abc ab abc bc c d
1-Octanol 6.72 11.03 7.96 10.08 8.59 7.00 6.72 2.34 0.68 < 0.001
1-Octen-3-ol 91.95% 119.73° 12213 122.68°  105.49" 129.48° 70.16° 11.21° 7.04 <0.010
b ab a b b b b c
1-Pentanol 29.33 34.82 43.66 28.99 25.72 27.73 23.65 5.97 3.48 0.001
a b ab b b b

1-Penten-3-ol 13.65 8.06 10.16 7.93 6.69 8.97 - - 1.15 < 0.001
2-Octen-1-ol 14.60° 13.29° 27.02° 18.55°  17.07° 26.24° - - 5.70 < 0.001
2-Penten-1-ol 4.74% 7.29° - - - 7.26° - - 0.89 0.006
2-(3-Cyclohexen-1-yl)ethanol 512 8.00° 7.34° 7.62.° - 8.80° - - 1.27 0.007
2,6-Dimethyl-4-heptanol - - - - - 4.41 5.32 - 0.44 0.751
3-Vinylcyclohexanol - - - - 6.40 - - - 212 -
(52)-Octa-1,5-dien-3-ol 21.19°  31.93% 27.47°  15.69° 25.46° 44.55° 2232° - 2.35 < 0.001
Benzeneethanol - - - - - - 4.21 - 0.27 -
Isoamy! alcohol - - - - - - 10.01° 6.94" 0.38 0.008

—, FININIAIINAVAINITNTIANG -

LY

[ A 1% a 1% = ) o \ A o @ aa
ﬂﬂﬂﬂ'iﬂ@ﬂdﬂulul,l,ﬂ']L@ﬂ'ﬂﬂ%LLa@Nﬂ@ﬂ'ﬂqwLL(ﬂﬂ@nGﬂuﬂqux‘]&l YRIATUNINRDA (P < 0.05)



a5197 7 asBunidnszmelaluann @adnsudonsiiwings) mowssnmsanslugie 48 $alu ﬂTagmmmLﬂummﬁﬂmﬂmﬁmﬁzﬁ3 i (di0)
Class Volatile compound Postmortem delay (h) SEM P-value
0 1 2 4 8 12 24 48

1-Methyl-3-cyclohexene-1-

Aldehyde carboxaldehyde - - - - 19.04 - - - 1.67 -
2-Decenal - - - 6.72 - - - - 0.20 -
2-Hexenal 4.22 - - 4.61 4.06 - - - 0.64 0.974
2-Heptenal 7.88 - 6.11 12.58 10.93 - - - 1.16 0.282
2-Isopropyl-5-methyl-2-hexenal - - - - - - 13.45 17.16 1.35 0.180
2-Nonenal - - - 7.12 - - - - 1.19 -
2-Octenal 10.38"  9.74°° 9.54™° 12.20° 13.37° 5.64° 7.23% - 0.99 < 0.001
2,4-Decadienal - - - 5.18 - - - - 0.10 -
3-Methyl-butanal - - - - - 162.32" 21330 75.95°  24.52 0.009
5-Methyl-2-phenyl-2-hexenal - - - - - 2.39 - - 0.35 -
Hexadecanal - 3.68" 3.75" 2.04° 2.01° 2.50° - - 0.28 0.007
Hexanal 434.95°  277.45°  323.90°  343.12°  322.40° 150.38° 135.16° - 13.89 < 0.001
Heptanal 33.18° 32.18° 28.53" 32.37° 34.91° 19.89° 14.04° - 1.43 < 0.001

—, FININIAIINAVAINITNTIANG

ANHINE1INW LD IALINWULRAIDIANNUANE1I N WAL

LY

BEIAYNNRDG (P < 0.05)

A4



A3 7 ansdunsdnsznelaluoin @afnsudansuinninga) Munasnsanelusig 48 T2l ﬂTagmmmLﬂummﬁmmmﬁmﬁzﬁ3 1 (6i8)

Class Volatile compound Postmortem delay (h) SEM P-value
0 1 2 4 8 12 24 48
Aldehyde Nonanal 5467°  63.36" 48.06" 71.07° 62.17°" 14.68° 12.23° - 3.95 < 0.001
(continued) Nonenal - - 6.45 - 8.56 - - - 0.77 0.120
abc bc c ab a d cd
Octanal 19.23 18.70 17.14 23.30 24.46 11.27 15.90 - 1.33 0.002
Pentanal 54.23° 24.32° 27.47° 21.52° - - - - 3.64 0.016
Alkane Heptadecane - - - - - - - 5.23 0.77 -
b b ab ab ab ab a ab
Pentadecane 2.95 3.77 4.65 5.80 5.22 5.27 7.85. 5.81 0.46 0.125
3-Methylbutyl-2-phenylethylidene - - - - - - 4.43 7.36 0.87 0.147
Amine amine
3-Methylbutyl-(3-methylbutylidene) - - - - - - 32.09° 14.82b 1.96 0.009
amine
1,2,3,4-Tetrahydro-1,6-dimethyl-4-(1-  2.93° 6.30° 5.81° 6.19° 523" 5.65 517" - 0.59 < 0.001
Aromatic methylethyl)-naphthalene
2,5-Dimethyl-3-(3-methylbutyl)- - - - - - - 5.76 - 1.09 -
pyrazine
3,5-Dimethyl-piperidine - - - - - - 14.19 - 0.43 -
4-Methyl-phenol - - - - - - 19.64° 134.63°  9.62 0.001
—, NINTATNNAVBINITATIAIG
anINeNNRlLnALINBUAAI I A NULANEINUaE I dsfIANIRAG (P < 0.05) &



A a a e A a v L :’ e [ ' < v ' a a [ 3 :’ '
N3N 7 ﬁﬂiﬂ%ﬂiﬂﬂi&%ﬂvl@ﬂusﬁﬂﬂ (VRANTNADNINUINUNRE) ﬂﬂﬂ%ﬂdﬂﬂi@l’]ﬁll%‘ﬁ’)d 48 °D’JI§J\‘1 °llQHaLLﬁ@NLﬂ%ﬂ%ﬂaﬂﬁﬂﬂﬂ’ﬁ’lmi’w% 3 D1 (618)

Class Volatile compound Postmortem delay (h) SEM P-value
0 1 2 4 8 12 24 48

Aromatic Benzaldehyde 7.78' 1458  23.32% 3650  70.20° 58.75" 4828  33.98° 5213  <0.001

(continued) Benzeneacetaldehyde - - - - 1.96b 3.47ab 5.51° - 0.51 0.034
Decahydro-1,6-dimethyl-naphthalene - 3.80 - - - - - - 0.27 -
Indolizine - - - - - - 17.51 - 0.98 -
Phenol - - - - - - 9.24b 29.31° 1.71 < 0.001
Hexadecanoic acid ethyl ester 3.40” 6.03" 6.59° 406" 2.39° 6.19° - - 0.40 < 0.001

Ester
Hexadecanoic acid methyl ester 3.40° 11.00° 656" 5.63" 5.55" 4.90" 1.98" -~ 1.30 0.036
Octadecanoic acid methyl ester - 5.34 - - - - - - 0.53 -
(2)-9-Octadecenoic acid ethyl ester - 7.13 - - - - - - 1.36 -

Indole 1H-Indole - - - - - - - 277.68 3.47 -
5-Methyl-1H-indole - - - - - - - 34.62 3.94 -

Ketone 1-Phenyl-ethanone - - - - - - - 8.33 0.66 -
2-Pentadecanone - - - - - - - 4.64 0.09 -

—, NINTAINNAVBINITATIAIN

o A o a o =< ' o ' a o @ A N

ﬂﬂﬂﬂiﬂ@l’]dﬂ%l%uﬂ’)L@]El’)ﬂ%LLﬁ@NﬂOﬂ’]’ulLL(ﬂﬂ(ﬂ’Nﬂ%ﬂﬁl’N&l YRIATUNINRDA (P < 0.05) H



A a a e A a v L :’ e [ ' < v ' a a [ 3 :’ '
N3N 7 ﬁﬂiﬂ%ﬂiﬂﬂi&%ﬂvl@ﬂusﬁﬂﬂ (VRANTNADNINUINUNRE) ﬂﬂﬂ%ﬂdﬂﬂi@l’]ﬁll%‘ﬁ’)d 48 °D’JI§J\‘1 °llQHaLLﬁ@NLﬂ%ﬂ%ﬂaﬂﬁﬂﬂﬂ’ﬁ’lmi’w% 3 D1 (618)

Class Volatile compound Postmortem delay (h) SEM P-value
0 1 2 4 24 48

Ketone 2,3-Pentanedione 20.22° 13.63" 13.07° 12.37° - - 1.10 0.018

(continued)  2-Pentyl-furan 3.86" 7.93% 14.73° 22.00° 6.10" - 2.10 0.039
2,3-Octanedione 76.28" 73.84" 91.88" 93.48" 22.56° - 5.00 < 0.001
3-Methyl-3-decen-2-one - - - - - 9.35 0.01 -
3-Undecen-2-one - - - 1.02" 2.25" 2.48" 0.27 0.030
3,5-Octadien-2-one 4.52 4.00 3.57 3.84 5.55 - 0.58 0.646
4-Ketoisophorone - - 1.62 - - - 0.16 -
6-Methyl-5-hepten-2-one - - 3.93 - - - 0.02 -
Cycloundecanone - - - - 11.15 - 2.06 -

Sulphur Dimetyl disulfide - - - - 47.82° 143.30" 13.02 < 0.001
Dimetyl trisulfide - - - - 10.51" 45.97° 2.30 < 0.001

Terpene a-Humulene - - 1.10 1.05 - - 0.06 0.956
Trans-caryophyllene - 253" 2.75° - - - 0.72 0.027

— dnndasnawaimiasiaia

snwnaenuwluLadsiuuaasisnnunandsnuagetnd YN (P < 0.05)

1%



unh 4

NIk

dl aaAaa a o v dy o
1. n31la El%l,l,ilad“llE]\ﬁ_lg:]ﬂiEl"IE]E]ﬂ“IiLﬂﬁ%‘l%ﬂa’l&lL%E]ﬂ’lﬂ‘lﬂadﬂ’li(ﬂ’lﬂ
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s mensInImoiumudisuulanlfismeanfiatudnaunisiduns §8
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uay annanarutiasadunaruiiadinlngveddan (Martini et al, 2014) a9k
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2. MU AUl AIENTALTIAIINT DUV DINAINIHANILRAINIIANY

MILFYRMINTITN TV L UT6% b Lo B uazLanN ka1 Aaa I NNIIAAaIUIN LAY

(Tyska and Warshaw, 2002) waznstasaanslasianlosindasldsdu msdnsued Kuo

' [
aa v A

et al. (2005) wuiwqm%nﬂummmuaLﬁﬂamwmswm@ﬁ]:a@aammﬁiﬁmsmﬂ LLGZI%

v a a 3 '

ﬂﬂiﬁﬂ]&ﬂﬁWU’hqm%ﬂuﬁL%&lmu qm%guﬁﬂ LL@ZQM%Q&IQI@YVIU@@GG mwﬁ’mqmﬁgﬁ

(2
a A

o - - . y
WU BANNTZHZIANMERAINITANY NSUREBLURIRERLITD NI RO FNWAIONT
FaNuaI U9 lUTa Thongprajukaew et al. (2015a, 2015b) S’m\i’m’i’l"ﬁ’sdqmﬁgﬁﬁﬂf’m
. - C AR s ¥
WukaunanaNnuLandsrasaNNeIvaIEIanealNes mAalRNInlumsAnsaTihana
a [l v € @ v a €n=i A ]
Wiannmstasaaaaisian losiui? lamalndmd lndnnanrats msidsuudadda
szUzMMBRAINMIMsaTIINLIERARluda e Uainzwines uazdaign (Schubring,
1999) lagnsAnsrasidbwuituaniiniainuidansddsuudasnenasnisans
wnninluladu senadasnuNewVad Schubring (1999) AWLINBIINIGURS I ladui
ansazadadludarason wanani My linuNawesldsdunenaInisany 48 Tl
v & VA a A a i . v A o o &
waaalwidudr lifilsdunagluanini@y (native protein) usa Tazaaasasnuniluy
NANLHBUAILAZNAUIUEL UaTFEAABINLITBTINTIA VI UTaNa kI TUTY TIag

J2RIN9 2-24 12104 (Roth et al., 2006) UazUa1NZWIV1IUTUDS 9832139 3-24 221419

= A Y \

(Wilkinson et al., 2008) lagnfaitavadtanazinie udene waldsdudslaifoanin ua
wad991n 24 Talug g ﬁ]zrﬁ’]g}iw:ﬁuq@ﬂwnﬂ%amﬁ vilwnauiiiatiy 119a0 waz i
A ' A a P’ a A o o Y & v A

favieih radanlusaululaduiazuanindadulasigsrsnantainaiusha el FuanIn

537UTN@ LUUa? (Tyska and Warshaw, 2002)
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= < X, 24 A = LA o
Naﬂ’liﬂﬂ‘]ﬂ’]luﬂidu@l’ldﬁ]’mﬂ’]iﬂ@ﬂadlu‘ﬂﬁ INTLUZINIINIDEN 5-24 65'313\]\1

2

% '

(Krompecher, 1994) wnizfiluause wumsdasuudssnmenainsmadininludansu
e lasnsanolungiau (1r9amngil 12.0 f9 46.5 asroaifog) szozinTIaI9z
ag’ﬁ 8-30 T2lu4 Lwiﬁwmﬂquslu (Tvamnnil —2.6 14 35.4 BIALTALTOR) TEu
\NT9ez0LN 7-36 71104 (Dalal et al., 2006) ANNUANAIVBITLHLIANTERINITA TN
wazdaiun anatlteannnnduiiterasnyuazuysdianududen uaziinaaaliaaun
Wesnanutialwitwinann (Gilis and Biewener, 2001) 8n1I9INIANEIILHZIRINURR
S a o 4a ¥ 4 . q sa . ~
msanevasdanluasiinszyiludinareiiduiin dsenarinldsamnmsaanuaiveslyusdn

a Mo \ & o \ & vl ¥
Watwldisandt uazasddsznaunanaiulna luimassuisnazanslaalui
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anaumaduazuarnaasouwnadlidenuuandrvadrsdvodranlusag 0-24
Tl NINERAINITANE Qmﬁ'ﬂwmm"’\méwaﬂa%ﬁaﬂ%uwmmaaiﬂsﬁuﬁagjluamwLﬁu g
= ! A A
AMNMNIANBIVBY Beyrer and Klaas (2007) esuwin iinmsiddsuudasvasiannmadlu

[} 53

Uaiuz (Anoplopoma fimbria) utuds luvhuaaidsanu sseimaldsuulasgunndlu

(2
o A o

wasluunsuaunsaldidumdiaanuaalndvaiie udewmadliaanaldle (Kuo et
al., 2005) 9%k AARD LT qm%gﬁﬁﬂ oD dgaring LLaz‘ﬁ’qu%Qﬁ“}Jadﬂ’liLﬁﬂ
anmnaaslysiu danuhdemsdfouwudasmenasmaasuinnintewnad uasHasi

PaILaan1all

3. n’mﬂﬁs_mu,ﬂaoé’nﬂm:moqamﬂ%mﬂmwé’omsmﬂ

ﬂ'm,ﬂﬁuul,l,ﬂmé'nwm:maﬁ;amﬂ’imﬂmaaﬂﬁmLﬁaLLa:@”ummﬁ'ammfm La

1 > J d' 6 a a 61.-.; a 1 s % 1
INMIYasRaLaLadvadtitaLialagian Lo LLazqaumﬂmamuagmﬂummzmﬂma
WJwran (Shahidi and Botta, 1994; Yamamoto et al., 1997; Chytiri et al., 2004) lag
é’ﬂwmzmaﬁ;amﬁmﬂmaanﬁﬁmﬁmmaLLa:nﬁmLﬁam’;ﬁnm 0 TAlUINIURAINITANY
REAAFBINUMIANEN lUAIBENIUauTaNanVad Kaale and Eikevik (2013) uasdanton
o ¢ . A \ o & A v o & & a
Sn¥aLuTaUYDd Carani et al. (2013) AWuINNaNHauasdigulanauttavwaidn 4
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dapaanelusdiu (Smith, 2011) saaadasnuMIANE lLaune darnzwauas uazdangn
(Schubring, 1999) WazIFOAARBINUNIIA WU JATENBONTIATH wazNITLUREULAT
RUUALTIAIMNTAW AR TN HOLAILAZNRINLHAUI LUAITANBIATIH HaNIINT L

U ,&' A v U ﬁ’ n:i 1 =1 a K 1 £ d‘y

NaULHaLAITLFW NN NLN 9NN LLa:umzmumimLmuaasnuqamﬂuﬂmuLua

111 ldnauiieuasiinsaanadaasinin (Martini et al., 2014)
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2005)
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monainmIaeldlasldmenaisrfiaiiunu mﬁ@Lﬂumuﬂizﬂauﬁﬁmﬁ’]ﬁﬂﬂﬂqu
UShmmeuanaasartan dnalnnmsaieneaaawnialuindaiassiunudaseniewen
LLa:azﬁmLLs'ﬁ’mqﬁ)’mﬁaanﬁaw (Ikoma et al., 2003a; Okuda et al., 2009) F9idaatdnld
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1979)
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luFIuIaaan (Sauer and Watanabe, 1989; lkoma et al., 2003a) sadasundululasian
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1976; Sauer and Watanabe, 1989; lkoma et al., 2003a) I@Un’mﬁﬁ'\‘m’]m'}wadﬁmm:
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FOTUNITHG 2aNTLARINIIFZRNDL1IAIN Luaammﬁumqmuwmwmmylumsmwa
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$aanBiau (Everstine et al., 2013; Marini, 2013)
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5. M3t agwudasansdnnsgnszing Lo lwsina1gnadn1sang
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ananlugn91817i6n9ru (Dent et al., 2004; Paczkowski et al., 2014) USanmaansaun3s

{ ! J o v Qq/’ =) g aaAaa
snandsdegaanun TuadnURNINLIARON mam‘mgu AMUDY ﬂiﬂﬂﬂ@&lﬁﬂﬂgﬂiﬂ"lmﬁ

U 9

a

Tysr9me LLa:msammﬁﬁanfgauw%ﬁ%mﬂ"ﬁﬁ@ﬁﬁum’ml,l,@ﬂ@mﬂ”u Taglugr9usnvas
mMIgaadiaanLuAisaNaain1TaanGlanlun13e13933a (aerobic bacteria) vinlw
pandlanluimunuald waznavasdnisdasaasliiindesdnasslasuuaiisan

winldluannaziilifionne (anaerobic bacteria) (Kasper et al., 2012)
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o 1

asdunidiszmeldluznlumsinsasii sulngSnsnonuudludafin
in UangasauuaLaaiia (Trachurus trachurus) (lglesias and Medina, 2008) &
gilthead seabream (Sparus aurata) (Iglesias et al., 2009) a1 whiting (Merlangius
merlangus) (Duflos et al., 2005) LLa:%aﬂLLuad{jLﬂﬁamﬂm (Perna canaliculus) (Tuckey
et al., 2013) ‘%\1Lﬂuﬂ’liﬁmﬂ"m’]U%a"’\m’]i@l’]UﬁLﬁU{ﬂﬂﬂuqm%Qﬁ@%’] wIamsans luaad
Lgﬂdgﬂﬁuﬂuw Kl Wi (Kasper et al., 2012) une (Bhattet al., 2013) §n7 (Dekeirsschieter

et al., 2009; von Hoermann et al., 2011; Brasseura et al., 2012; Cablk et al., 2012;

=<

Paczkowski et al., 2014; Armstrong et al., 2016) 7 LLa:&l‘qu,‘]&rﬂr (Cablk et al., 2012) @

A ea

saulngidunsdnsmeldanwglameaniangfiuandraniu Jamansninansdunign

&3

semoldluannlunsdnmnesedt snlslumssuunszsznanmonasmsmevasaainl
snzdndled enciuanInguinasiu ldun a-humulene Aaranulutisaa 2-4 9l
Wae trans-caryophyllene AWUlWLN9TI91787 Tiaglunquansdunidazmeluan uddinig
asranuEniaslunsdnuiriounsiail (Statheropoulos et al., 2005) Foiusnsfitiadwlu

Jinsawnladia (mevalonic acid pathway) luiTuasaa’s (Adam et al., 1996)
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A a A ea =S v a ' v
ﬂ’m,ﬂawuﬂmmsaumms:mﬂ@“‘lwmﬂ a’mwmm@@slml,uawu@mas] LN

' 3

Lst'w”quLa:mﬁ'ﬂmmsmnmn Fauiale 3 mj&mé’n Ao mguﬁl, NUAAHLASNWETRT

'
u/ a v o

NN (necrophagous species) L4 WNITU WATAIINEAT nduT AN ABLAz A
uuadlunguuan (predator species) L3 unaddnuds ua wazis uwaznguidanadui
snml,l,azﬁw,maﬂumjmﬁﬂ (scavenger and omnivorous species) dawunniduwuaaslu
NENed ULAzua (Kulshrestha and Satpathy, 2001; Klotzbach et al., 2004) lasnsidnan
Tdds:Tomilumndaiiivesunasdalimodnisenuuinen nnsénsaes
Stensmyr et al. (2002) lusih wuin polysulphides lunduansdsznauiuzdu iduans
Suw%'rfi:mﬂﬁ@%’]ﬂ”mﬂumiﬁa@@Lmaaﬁwmmimw”aemﬂ FIWILNaIwAd e uazea
s MIANB1V89 von Hoermann et al. (2011) lugns WU benzyl butyrate Tunga

v o 6

6 = A & a ' =
LARLNBY Lﬂumi‘nmgﬂmdmmmm E\Jﬂ@] HLRNWIZ DIRIIN aamu@]v[&lwﬂumiﬂﬂﬂﬂu

assit uaﬂﬁnﬂﬁy”aﬁﬂmvl,mﬁ'umué’umwﬁ@ﬁﬁmm’hmmmﬁo@@Lmaa’i"uslmaﬁ
Piophilidae Waz Calliphoridae @2LANIE LUAIQALAAA ﬁ’mgaé’@’f wazanuawinwanla
(Wolff et al., 2001; Barrozo and Lazzari, 2004; Dormont et al., 2010; Whitman and
Richardson, 2010)

a A €d‘ n:i o Y >

svdunidnszineldluainiainisndnldzyaasnainisaisldly
mM3dne1aTil Ysznaumessisnwulugisnainenadnisens 4 s2lug laund a0y
Uznavlunguuandlad fa pentanal usza13dsznaudlan fia 2,3-pentanedione 49
ROAANBINUIKIVLVBY Iglesias and Medina (2008) NILIHINNIIWL 2,3-pentanedione

o 1 c?l’::& a aaa a o > g [l ~ dl 1

Wuarsitematiedjisoneandiadusas lwaduluiotsuguds srsnwulusies
mMenainIamy 12 Talas ldun ansdsznavlunguuaanasad Aa 1-hexanol, 1-penten-
3-ol WAz 2-octen-1-ol Laza1sUTENALLARINGS Aa hexadecanoic acid ethyl ester lasnns
WU 1-hexanol §8aARBINLINWILVDY Paczkowski and Schiitz (2011) AMwIndn
FIINLAAMNNINAIETMITIDITTT LAZREAARBINLITWIIL VDY Iglesias and Medina

n:i 1 (> 1 c?l’d a aaa a % o n&’
(2008) N1318971%31 1-penten-3-ol tuertisdiiimatialnseneandiatuuas luadnluie
Uagasaunaiaatsa asnwulugranannmanasmsans 24 1alud laun a1sdsznavlu
nguuaanazas Aa (52)-octa-1,5-dien-3-ol &13Usznavlunguuaadlad fa 2-octenal,
hexanal, heptanal, nonanal L& octanal 813UsznavLagnas Aa hexadecanoic acid
methyl ester a1sUsznavflau Ae 2-pentyl-furan, 2,3-octanedione 8¢ 3,5-octadien-2-

one uazasUsznaveslsnnén fe 1,2,3,4-tetrahydro-1,6-dimethyl-4-(1-methylethyl)- S‘féd
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miﬂi:ﬂauaziimﬁﬂvlﬁmammssiaﬂamwaogﬁuw%ﬁmaam@a:ﬁiwﬁﬁ@aﬂimﬁﬂ
laun InlsBu Adawaariin uazn3ulaunn (Vass et al, 1992; Dent et al., 2004;
Paczkowski and Schitz, 2011) ¥aaAaa4NUINKIILVAY Iglesias and Medina (2008) 71
389IUIINIINY 2,3-octanedione LA IFTINSARY JATuaanFiatus e luainle
& & A \ [ o v

Wadauguds uazasnnulugisnamenasnisans 48 talus laun ansdsznavlu
mjmaanaaaﬁ Ao 1-octanol, 1-octen-3-ol LLae 1-pentanol a’liﬂizﬂauluﬂﬁjuﬁamu R

pentadecane wazanIUsznavualundn fe benzaldehyde

#1371 WUlwU19T291987 %ammmi*‘ﬁizqL'smmmﬁ'\ammw"l@ﬁﬁuﬁu
Usznaudsssfinulugisas 1-12 galusnenainisans leun sydsznaulunga
wandlad fa hexadecanal s3finulugasaan 8-24 Falusmewaimaas laun &9
Usznavaslsun@in fa benzeneacetaldehyde sn3finulugisiaan 12-24 Talusniownas
mIane laud s1sdsznevlunguusanaaed fa 2,6-dimethyl-4-heptanol granwulu
B398 12-48 Talwsmensamyne laud sadsznaulunguuaanasad Aa 1-butanol
&3 1-butanol M 3msuwindundasmsissnnuindldannszuiwmssanstiias
melaan1zlifioanGian (Dent et al., 2004; Boumba et al., 2008) wazansdsznaulu
nguuandlad Ao 3-methyl-butanal DIFOAARDINLIINITVI Ma et al. (2012) Aiwy
3-methyl-butanal Twilasamenasnisens 24 salus srsanulugisa 24-48 salus
mMonainIany laun asdsznaulunguuaanaszad fa isoamyl alcohol &13u3znay
lunguuandlad fa 2-isopropyl-5-methyl-2-hexenal &13u3znavlunguiaiiu Ae
3-methylbutyl-2-phenylethylidene amine LLa¢ 3-methylbutyl-(3-methylbutylidene) amine
a13Usznavazlsun@n fa 4-methyl-phenol WAz phenol LaraNIUITNBUMNLA® D
dimety! disulfide uaz dimetyl trisulfide §¥9AANDINLINWIVLVDS Paczkowski et al. (2014)
WL 4-methyl-phenol, dimetyl disulfide uaz dimetyl trisulfide Tuszpzdalantisszos
WhaMBuUURNYIHIaITINAY B398 24-48 Falusmepnssnmmevastafia 1

R} FJZE?(%E?@ MINTION LRI INUAIULUNLFLTUNT
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Abstract
Postmortem degradation (0, 1, 2, 4, 8, 12, 24 and 48 h) of muscle myosin and actin was investigated in
sex reversed Nile tilapia (Oreochromis niloticus) using a differential scanning calorimeter. Myosin and actin
were observed in the first 24 h postmortem time but not at 48 h. Thermal transition properties of myosin and
actin (onset, peak and conclusion temperatures, and enthalpy) as well as expression of other protein can divide
these postmortem changes into 3 intervals including pre-rigor mortis (within 1 h), rigor mortis (1 to 24 h) and

post-rigor mortis (after 24 h). These data could be used for identifying postmortem interval in aquatic animals.
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Anwin1silasuwlasandmdeninusaulunduiiownsvasuardawlagune
(Oreochromis niloticus) nevaaN1TeeNsEeLIan 0, 1, 2, 4, 8, 12, 24 way 48
7134 Tnelddvvosudoaawnuiawaansiwes nanisdnwrnuldsaulaloFuwasy
woNNULUIE 24 FlUINNEINITAE Wi llwunTUAsukUaalUTAURT 2 ¥Tin
Tunan 48 9l Audnvasdrufouvadlulofuuaswenyiu loun gaumgiiGusy
gaunilfimanuvnilgaving Waztounat 1IUNsLandeenvadlUsiu anansadwun
Qs 3 1 = 1 2 e le @ e
srgznavaanITanele 3 979 AesyuznawnIEn (nelu 1 T9lu9) sreznie
(1 & 24 F3la9) warszornaaniein (nds 24 Falue) deyananarwandliinging
LU%&JuLLﬂmauﬁ@@qmm%amlaQﬂé’mLﬁaamwaaﬂmﬂ%ﬁ]wﬁa;ﬁaLﬁaqﬁuiumi
U3eanlseasnaIna I seneunadadunla

Addey : laledu wanfiu Mawasuwdamainisaie

Abstract

Postmortem changes (0, 1, 2, 4, 8, 12, 24 and 48 h) in muscle thermal
transition property were investigated in sex reversed Nile tilapia (Oreochromis
niloticus) using a differential scanning calorimeter. Myosin and actin were
observed in the first 24 h postmortem times but not at 48 h. Thermal
transition property of myosin and actin (onset, peak and conclusion
temperatures, and enthalpy) as well as expression of other proteins can divide
these postmortemchanges into 3 intervals, including pre-rigor mortis (within
1 h after death), rigor mortis (1 to 24 h after death) and post-rigor mortis
(exceeding 24 h after death). The findings suggest that the thermal changes
of muscle can serve as primary data for the estimation of time of death of

an aguatic animal.

Keywords : Myosin, Actin, Postmortem Change
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Abstract

Most studies of postmortem changes in fish muscles have been conducted
under cold conditions, so that no information is available relevant to the ambient
aquatic environment in tropical regions, for applications in environmental forensic
studies. We investigated the muscle degradation in Nile tilapia (Oreochromis
niloticus) in terms of specific activities of cathepsins (B, H and L), scavenging
activities and thermal transition properties of myosin and actin, to assess postmortem
changes with time (0, 1, 2, 4, 8, 12, 24 and 48 h after death). The study results are
relevant to the ambient temperatures in Thailand, meaning about 30 Centigrade.
Specific activities of the three cathepsin enzymes increased significantly with
postmortem time (P < 0.05) and exhibited highly positive relationship (» = 0.987—
0.997, P < 0.01, n = 32). Cathepsin H had the lowest specific activity. A novel
observation, not reported previously, concerns the role of cathepsin H at 8 h after
death. The radical scavenging activity dramatically decreased with time since death,
especially within the first 1 h, while no changes occurred from 2 h to 8 h, or from 12 h
to 24 h. Thermal properties of myosin and actin were observed up to 24 h delay. The
degradation of each protein fluctuated with delay time, and actin was more sensitive
to postmortem delay than myosin. Overall the findings from the current study might

be used as primary data to estimate the time of death of an aquatic animal.

Keywords: Actin; aquatic animal; cathepsin; muscle; myosin; postmortem
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1. Introduction

Postmortem changes of animals are influenced by various environmental
factors including temperature, humidity, cooling rate and growth of microorganisms
(Campobasso et al., 2001). Most studies of postmortem changes have investigated
terrestrial animal models, especially mammals such as rat (Kocarek, 2003), dog
(Lasseter et al., 2003), pig (Dekeirsschieter et al., 2009) and cattle (Rhee and Kim,
2001). For aquatic animals, preservation of the products is the main purpose for cold
temperatures used in transport or storage by the food industries. No prior information
is available of postmortem changes under the ambient aquatic conditions in a tropical
environment, and this study performed in Thailand addresses that knowledge gap.

After death, a crude assessment of muscles and joint stiffness allows assigning
the postmortem interval to one of three categories, namely pre-rigor mortis, rigor
mortis, and post-rigor mortis. The main processes relate to muscle degradation by
enzymes, cathepsins, causing rapid softening of muscle texture due to the degradation
of myofibrillar proteins (Jiang, 2000). Cathepsins B and L exhibit superior activity
relative to cathepsin H in the white muscle of sea bass (Chéret et al., 2007). Also,
Aoki et al. (2000) report high activities of cathepsins B and L in white muscles of
some red-fresh fish. These findings suggest important roles of the cathepsins B, H and
L in the postmortem degradation of white fish muscle.

Actin and myosin are the main actors that make muscles contract or relax
(Tyska and Warshaw, 2002), while sarcoplasmic proteins are another component in
muscles, suspended in the cytoplasm (Matos et al.,, 2011). These proteins can be
degraded after death by the cathepsin enzymes (Ho et al., 2000; Ladrat et al., 2003)

and can be monitored by differential scanning calorimetry (Schubring, 1999; Kuo et
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al., 2005; Beyrer and Klaas, 2007; Matos et al., 2011; Thongprajukaew et al., 2015b).
The aim of this present study was to evaluate postmortem changes in muscles of an
aquatic animal. The economic freshwater fish Nile tilapia (Oreochromis niloticus)
was chosen as a model, as it is widely cultured around the world. The well-known
fundamental biology of this species also supported its selection for a laboratory study.
The main muscle degradation enzymes (cathepsins B, H and L) were studied
concurrently with the thermal properties of actin and myosin. The degradation
products were also monitored by a sensitive method, namely by
diphenylpicrylhydrazyl (DPPH) radical scavenging activity. The findings from this
study might be used as primary data to identify (estimate) the postmortem delay from

an aquatic animal carcass in ambient tropical waters.

2. Materials and methods

2.1. Fish preparation and observation of postmortem changes
Four-month-old sex reversed Nile tilapia was collected from a private farm in
Trang province, Thailand. The fish were acclimatized indoor for 15 days and were fed
to satiation with a commercial diet containing 30% protein, twice daily (07.00 and
16.00 h) under 12-h light/12-h dark cycle. The water quality parameters during
acclimatization were temperature 29.60 = 0.15°C, pH 6.95 + 0.02, dissolved oxygen
5.05+0.01 mg L' and ammonia 0.94 + 0.15 mg L™". Prior to sampling the fish were
starved for 48 h under the conditions described above. Subsequently, all the fish were
killed by chilling in ice. Fish with similar body weights (105.83 + 1.66 g) and total
lengths (18.55 £+ 0.14 cm) were randomly distributed into rectangular containers (32

cm width x 43 cm length x 11 cm height with 7 cm water level) at a density of 14 fish
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per container. The fish were floated in their rectangular containers under ambient
temperature and 12-h light/12-h dark cycle. Four fish (n = 4) at each postmortem time
(0, 1, 2, 4, 8, 12, 24 and 48 h) were dissected on ice and the white muscles were
collected. These samples were packed in polyethylene bags and kept at —20°C until

determinations.

2.2. Extraction of muscle crude extract

Crude extract of white muscle was prepared according to Chéret et al. (2007),
with slight modifications. Briefly, the muscle was homogenized in 90 mL buffer (1:3
w/v) containing 50 mM Tris-HCI pH 7.5, 10 mM B-mercaptoethanol and 1 mM
ethylenediaminetetraacetic acid using a micro-homogenizer (THP-220; Omni
International, Kennesaw GA, USA). The homogenate was centrifuged at 10,000xg, at
4°C for 40 min. The supernatant was collected after removing the lipid layer and kept

in small portions at —20°C.

2.3. Determination of muscle degradation enzyme activity
2.3.1. Protein concentration in crude extract

Determination of protein was carried out based on the method of Lowry et al.
(1951). Bovine serum albumin (BSA) was used as the protein standard. The protein
concentrations in the crude extracts were used for quantifying muscle degradation

enzyme specific activities (U mg protein ).
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2.3.2. Cathepsin B, H and L assays

Activities of the cathepsins B (EC 3.4.22.1), H (EC 3.4.22.16) and L (EC
3.4.22.15) were determined based on Aranishi et al. (1997), with slight modifications.
Cathepsin B was assayed by mixing 200 pL of 0.4 M phosphate buffer (pH 6.0,
containing 5 mM EDTA, 490 puL of 0.1% Br1j35, 100 pL of 10 mM cysteine and 200
pL of 25 uM Z-Arg-Arg-MCA) and 10 pL of crude enzyme extracts. The enzymatic
reaction mixture was incubated at 40°C for 30 min, and the reaction was stopped by
adding 1.5 mL of0.1 M sodium acetate buffer containing 0.1 M sodium
monochloroacetate (pH 4.3). The cathepsins H and L were assayed as described
above, except with the 0.4 M phosphate buffer (pH 6.0) replaced by 0.4 M phosphate
buffer (pH 6.8, containing 5 mM EDTA, 0.1% Brij35, 10 mM cysteine and 25 uM
Arg-MCA) or by 0.4 M sodium acetate buffer (pH 6.5, containing 5 mM EDTA, 0.1%
Brij35, 10 mM cysteine, 25 uM Z-Phe-Arg-MCA), respectively. Reaction activating
incubation for these enzymes was performed at 45°C or at 50°C, in the same order.
The fluorescence of liberated aminomethylcoumarin (AMC) was measured by a
spectrofluorimeter (Jasco FP-8200, Jasco, Tokyo, Japan) at an excitation wavelength

of 380 nm and an emission wavelength of 450 nm.

2.4. Scavenging activity by 2,2-Diphenylpicrylhydrazyl (DPPH) radical
assay

The crude muscle extracts were obtained as described in Section 2.2. above.
The DPPH radical scavenging activity was determined according to the method of
Thongprajukaew et al. (2015b). Radical scavenging activity (% inhibition) was

calculated from [(A,—Ai)/Ao] * 100, where A, and A; are the absorbances of the
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control sample (extraction buffer in equal volume to the actual sample) and the

extract, respectively.

2.5. Thermal transition properties

The thermal transition properties of muscle were analyzed with a differential
scanning calorimeter (DSC7, PerkinElmer, USA). A 20 mg muscle sample was placed
in an aluminum sample pan, sealed, allowed to equilibrate at room temperature, and
then heated with comparison against an empty reference pan. Thermal changes were
recorded from 25 to 120°C at a rate of 5°C min '. Myosin and actin were indentified
by denaturation temperatures, as described by Skipnes et al. (2008) and Matos et al.
(2011). Thermal parameters including onset (T,), peak (T,) and conclusion (T.)
temperatures of protein denaturation, melting temperature range (TT,), and the

transition enthalpy (AH) were recorded automatically.

2.6. Statistical analysis

Data were analyzed using SPSS version 17 (SPSS Inc., Chicago, USA), and
all data are expressed as mean = SEM. Significance of differences between means
was determined by using the Duncan Multiple Range Test, with significance equated
to P < 0.05. Pearson correlation coefficients (») for each pair of measured parameters

are reported.
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3. Results

3.1. Specific activities of cathepsins B, H and L

The specific activities of cathepsins B (Fig. 1a), H (Fig. 1b) and L (Fig. 1c)
increased with the time delay after death. Generally, a slight increase in specific
activity was observed within the first 4 h, followed by a dramatic increase. The
cathepsins B and L exhibited similar characteristics within the 48 h observation. Both
these enzymes had their highest specific activities at the end of the sampling, and the
values increased approximately 6.26 fold (60.98 + 0.59 mU mg protein ' on average)
compared to the initial activity at 0 h delay (9.74 + 0.24 mU mg protein ' on average).
Cathepsin H exhibited a different type of time profile and had lower specific activities
than the cathepsins B and L. Its lowest specific activity was observed at 8 h after
death, and this did not significantly differ from its activities at 0 to 2 h delay times.
The highest specific activity of this enzyme was 6.03 (7.83) fold increased relative to

to the 0 h (8 h) sampling time.

3.2. Scavenging activity of white muscle

The radical scavenging activity of white muscle is illustrated in Fig. 2. The
values dramatically decreased with the time elapsed since death, especially within the
first 1 h. No differences in the values were observed in the time delay interval 2—8 h,
or between 12 and 24 h. The lowest scavenging activity was observed at 48 h after

death, with about 40 fold decrease from the initial at O h.
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3.3. Thermal changes of myosin and actin

The thermograms of white muscle showed two endothermic characteristics
(Fig. 3). In the control sample, denaturation of myosin occurred at comparatively low
temperatures as the first peak (T, = 44.45°C, T, = 46.88°C, T, = 48.62°C), while the
following peak corresponded to the denaturation of actin (T, = 68.31°C, T, = 71.04°C,
T, = 73.42°C). Fluctuations in results for both these proteins were observed within the
first 24 h postmortem (Table 1), while the protein peaks became undetectable by the
end of observations. Actin was more sensitive to the postmortem changes than
myosin, as indicated by the significantly decreased T, at 12 h after death. The main
changes in T,, T, and T, for both proteins were observed at 24 h, and these decreased
with postmortem delay. The values T—T,, fluctuated and increased with postmortem
delay. No significant changes occurred in AH or XAH for either protein within the

first 24 h after death.

4. Discussion

Muscle protein degradation increased significantly with postmortem delay in
fish muscle, both when ice-stored and when super-chilled (Gaarder et al., 2012).
Available information is scarce regarding protein degradation in a fish carcass that
floats in ambient aquatic conditions of the tropics. The cathepsins B, D, H and L are
cysteine proteases, mainly presents in the lysosomes. Cathepsin D was not observed
in the current study because its role in fish protein hydrolysis should not be
significant; it hydrolyses myofibrils at an optimal pH range from 3 to 5 (Makinodan et
al., 1982; Jiang, 2000). These enzymes are released into both cytoplasm and

intracellular spaces as a consequence of lysosomal disruption, and induce the
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postmortem pH to fall and the intramuscular ionic strength to increase (Yates et al.,
1983). Aoki et al. (2000) and Chéret et al. (2007) reported that the main postmortem
degradation of white muscle is attributed to cathepsins B and L. These enzymes
hydrolyze the major muscle structural proteins: B hydrolyzes connectin, nebulin and
myosin; and L hydrolyzes connectin, nebulin, myosin, collagen, a-actinin and
troponins T and I (Yamashita and Konagaya, 1991). The observed pH in muscle
tissue after death is near optimal for both these enzymes (Sainclivier, 1983). The rapid
activity increases observed in the current study indicate that the rate of protein
breakdown by cathepsins B and L was faster than that by cathepsin H. This finding is
in agreement with data for sea bass, as well as for beef (Wang and Xiong, 1999),
suggesting that cathepsin H plays a secondary role in the postmortem proteolysis of
fish (Chéret et al., 2007). A novel not previously reported observation was the role of
cathepsin H at 8 h after death. This may be due to the postmortem pH drop from 7.0
to 6.5 during the rigor mortis period of fish, while it later rises to values close to 7
(Sainclivier, 1983). This pH point negatively affects the dissociation of amino acid
side chains at the active site of the enzyme, affecting activity.

Based on Pearson correlation analysis, the three observed cathepsins degraded
muscle protein concurrently, as indicated by the highly positive pairwise correlation
coefficients (» = 0.987-0.997, P < 0.01, n = 32), suggesting that the three cathepsins
function synergistically on muscle proteins. In a comparison to a terrestrial animal,
cathepsins degraded fish muscle faster than bovine muscle (Chéret et al., 2007). This
may be due to the fish having less complex structure of muscle, relative to bovine. In
this study, floating the fish carcass in water also supported the hydrolysis capacity of

the enzymes. Based on a prior investigation in the same species, however, the
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degradation of muscle was lesser than that of the gastrointestinal tract (Hahor et al.,
2015). Longer observation times than those of the current study might help better
understand the roles of these enzymes.

Postmortem changes of the physical dimensions of the intercellular space
and/or intercellular/extracellular  fluids significantly decrease the electrical
conductivity (Querido, 1992). This prior finding is in agreement with the significant
decrease in scavenging activity with postmortem delay, observed in the current study.
The postmortem degradation of cells can have toxic effects through produced
peroxides and free radicals that damage all components. Although the hydrolysis by
proteolytic enzymes can release a mixture of various peptides that act as electron
donors in DPPH system (Lassoued et al., 2015), these constituents are not sufficient to
compensate for the overproduction of free radicals after death. Moreover, at longer
hydrolysis times the formed peptides have shorter chains and are less effective in
scavenging DPPHe radicals (Lassoued et al, 2015). However, based on our
observations, the biochemical determination of this scavenging activity appears to be
a sensitive indicator of the time delay since death.

Denaturation of myosin and actin can be caused by a pH drop (Tyska and
Warshaw, 2002), and is followed with degradation by the proteolytic enzymes. Kuo et
al. (2005) reported that denaturation temperature of muscle protein was lowered
postmortem, and in the current study we observed decreased T,, T, and T., and
increased T—T, with postmortem delay. These changes indicate the transformation or
partial degradation of proteins by proteolytic cleavage. Thongprajukaew et al. (2015a)
reported that a broad TT, range was due to the heterogeneity of polymer chain

lengths. Increased values in the current study might be caused by the production of
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diverse polypeptide chains by enzymatic hydrolysis. This effect of the time delay after
death has also been observed in the red muscles of the same species (Nonthaput et al.,
2015), as well as in red snapper, red mullet, and catfish (Schubring, 1999). According
to our data, actin was more sensitive to postmortem changes than myosin. This is in
agreement with the stable nature of tropical fish myosin, reported by Schubring
(1999). However, the transition peaks of the proteins were no longer detected at 48 h
after death, suggesting complete absence of native protein forms. This finding is in
agreement with our earlier investigation of the red muscles of Nile tilapia (Nonthaput
et al.,, 2015), and with studies of the rigor mortis phase of frozen Atlantic salmon
(within 2—24 h after death) (Roth et al., 2006) and of frozen barramundi within 3-24 h
after death (Wilkinson et al., 2008). Therefore, the muscles become flexible again as
the proteins are completely degraded (Tyska and Warshaw, 2002). In higher animals,
rigor mortis in rat develops within 5-24 hafter death (Krompecher, 1994), while in
human during summer (12.0-46.5°C) or winter (-2.6-35.4°C) this can take 8-30 h or
7-36 h, respectively (Dalal et al., 2006). These differences in the time delay between
aquatic and terrestrial animals are consequences of muscle structure and configuration
of blood circulation (Gillis and Biewener, 2001). Furthermore, our current study was
conducted in ambient water environment which may cause faster degradation rates
due to both availability of water and the comparatively high temperatures in the
tropics. In AH or XAH, no significant differences within 24 h from death were
observed. Both these thermal parameters indicate the amounts of proteins in native
form. Beyrer and Klaas (2007) also reported no changes in total AH for single or
double frozen cod fillets. Similarly, while the temperature shift in the DSC

thermogram can be used as an indicator of meat freshness, AH cannot be used (Kuo et
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al., 2005). Therefore, prior studies support the conclusion that T,, T, Tc and T—T, are
more sensitive to the qualitative postmortem changes in proteins than are AH or ZAH.

In conclusion, the specific activities of cathepsins, the radical scavenging
activity, and the degradation of myosin and actin were significantly affected by
postmortem delay time. Based on our observations, the degradation rate of fish
muscle in ambient aquatic environment, in the tropics, was faster than what is
reported for terrestrial animals. In continuation of this reported research, a
histopathological examination of the muscles for their postmortem changes is
currently underway, in this same fish species. The findings from the current study
suggest that the time of death of an aquatic animal, left to decay in ambient tropical

waters, can be estimated from muscle samples of the carcass.
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Figure captions

Fig.1. Postmortem changes in specific activity of the cathepsin B (a), H (b), and L (c¢),
in white muscles of Nile tilapia carcass within 48 h after death. The data are
expressed as mean £ SEM (n = 4). Different superscripts indicate significant

differences between observation time points (P < 0.05).

Fig. 2. Postmortem changes in the DPPH scavenging activity of the white muscles of
Nile tilapia carcass within 48 h after death. The data are expressed as mean +
SEM (n = 4). Different superscripts indicate significant differences between

observation time points (P < 0.05).

Fig. 3. Thermal transition properties of muscle from control Nile tilapia (0 h after
death). T, = onset temperature, T, = peak temperature, T. = conclusion

temperature.
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Table 1 Thermal transition characteristics of muscle proteins in sex reversed Nile tilapia in relation to postmortem time delay. The data were

calculated from duplicate determinations and are expressed as mean (SEM).

Postmortem Myosin Actin SAH*
delay (h)  To(’C) T,(°C)  Te(°C) TeTo(°C) AH{Jg) T, (°C) T,(’C)  T(°C) TeTo(°C) AH{Jg)) dgh
0 44.45°  46.88° 48.62° 4.18° 0.39 68.31° 71.04*  73.42° 5.12° 0.34° 0.73°
(0.22)  (0.03) (0.23) (0.44) (0.01) (0.50) (0.50) (0.37) (0.87) (0.09) (0.10)
1 43.35®  46.67 48.68° 5.33% 0.42° 66.28" 70.67*  73.22° 5.94%¢ 0.31° 0.76"
(0.38)  (0.06) (0.22) (0.16) (0.10) (0.40) (0.35)  (0.20) (0.20) (0.05) (0.13)
2 4342 46.55 48.43° 5.01% 0.37° 67.06% 70.42°  72.72° 5.66™ 0.33° 0.70°
(1.17)  (0.44) (0.39) (0.78) (0.05) (0.50) (0.12) (0.04) (0.54) (0.07) (0.02)
4 43.65°  46.21° 48.28° 4.63% 0.43 66.26" 70.29°  72.59° 6.33%¢ 0.42° 0.85°
(0.11)  (0.09) (0.12) (0.23) (0.01) (0.08) (0.03)  (0.01) (0.06) (0.03) (0.04)
8 42.87"°  46.21° 48.71° 5.84% 0.54" 67.09% 70.42°  72.79° 5.70™ 0.39° 0.92°
(0.09)  (0.09) (0.33) (0.24) (0.05) (0.02) (0.06)  (0.04) (0.06) (0.03) (0.02)
12 42.16°  47.00° 47.9° 4.56™ 0.43° 65.99" 69.92*  73.26° 7.27% 0.39° 0.81°
(1.69)  (0.29) (0.34) (0.06) (0.09) (0.06) (0.47) (0.05) (0.11) (0.03) (0.12)
24 39.72°  43.46° 45.96° 6.24° 0.32° 62.20° 66.79°  70.12° 7.92° 0.33° 0.68°
(0.03)  (0.33) (0.27) (0.29) (0.04) (0.60) (0.15) (0.27) (0.34) (0.04) (0.04)

48 nd nd nd nd nd nd nd nd nd nd nd

* Includes all observed proteins within the studied temperature range, as depicted in Fig. 3.

T,, onset temperature; T, peak temperature; T., conclusion temperature; T—T,, melting temperature range; AH, enthalpy; nd, not detected.

Different superscripts in the same column indicate significant differences between observations with different postmortem delays (P < 0.05).

14
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