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Programmed Cell Death in Insects

Manaporn Manaboon*

ABSTRACT

Programmed cell death (PCD) is an essential event for normal development in animals
including insects. In holometabolous insects, they have shown that the insect steroid hormone
20-hydroxyecdysone (20E) triggers cell death of larval specific tissues during metamorphosis.
This regulation of cell death in insects and vertebrates are parallel because they are under the
control of steroid hormones. Like vertebrate steroid hormone functions, ecdysone exerts its
effects via steroid hormone receptor. In insects, the steroid hormone receptor for ecdysone is
ecdysone receptor (EcR). EcR is a heterodimer of two nuclear receptors, EcR and Ultraspiracle
(USP). The mechanisms regulating apoptosis in insects are initiated by an increasing in hemolymph
ecdysteroid titer. The role of 20E to degenerate larval tissues is the activation of 20E through a
two-step regulatory hierarchy of genes, primary-response genes or early genes and secondary-
response target genes or late genes. In the beginning, the ecdysone/EcR/Usp complex directly
regulates the early genes expression at a transcriptional level while late genes are important for
death protein synthesis. The early genes include the BR-C E73 and E93, and the late genes are
a set of genes which were activated by early genes. The late genes, rpr, hid and dronc, are death
activator genes because they induce a rapid and massive destruction in the death cells. In addition
to the activation of 20E on signal transduction pathway of early genes and late genes on
programmed cell death, members of a family protease known as caspases comprise the core of
apoptosis cell death. Recent researches reveal that the signaling pathway of programmed cell
death mediated by caspase is similar among roundworms, insects and human. Hence, the knowl-
edge obtained from the study of signal transduction pathway controlling programmed cell death
in insects has been implied to the study of various human diseases caused by the degeneration of
tissues or death of cells, such as Alzheimerûs, Parkinsonûs and congenital heart disorder (CHD).
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°“√µ“¬¢Õß‡´≈≈å·≈–°“√∂Õ¥√Ÿª¢Õß·¡≈ß
°“√µ“¬¢Õß‡´≈≈å (programmed cell death, PCD) ‡ªìπ°√–∫«π°“√ ”§—≠„π¢—Èπ ÿ¥∑â“¬¢Õß

°“√¡’™’«‘µÕ¬Ÿà¢Õß‡´≈≈åÀ√◊Õ ‘Ëß¡’™’«‘µÀ≈“¬‡´≈≈å ‡°‘¥¢÷Èπ‰¥â‡ ¡Õ„π√–À«à“ß°“√‡®√‘≠‡µ‘∫‚µ¢Õß —µ«å‡°◊Õ∫
∑ÿ°™π‘¥ ‡æ√“–‡ªìπ°√–∫«π°“√∑’Ë‡°’Ë¬«¢âÕß°—∫°“√§«∫§ÿ¡°≈‰°∑“ß™’««‘∑¬“À≈“¬Õ¬à“ß ‰¡à«à“®–‡ªìπ°“√
‡ª≈’Ë¬π·ª≈ß√Ÿª√à“ß¢Õß‡´≈≈å °“√√—°…“ ¿“æ¢Õß‡´≈≈å ·≈–°“√°”®—¥‡´≈≈å∑’Ë‡ªìπæ‘… À√◊Õ‡´≈≈å∑’Ë‰¡à¡’
§«“¡®”‡ªìπ·≈â«ÕÕ°®“°√à“ß°“¬¢Õß ‘Ëß¡’™’«‘µ À“°°√–∫«π°“√§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å∂Ÿ°¬—∫¬—Èß„π
‡π◊ÈÕ‡¬◊ËÕ¥—ß°≈à“« ®–°àÕ„Àâ‡°‘¥°“√‡ªìπæ‘…µàÕ‡´≈≈åÀ√◊Õ ‘Ëß¡’™’«‘µ‡Õß À√◊ÕÕ“®∑”„Àâ‡°‘¥§«“¡º‘¥ª°µ‘¢÷Èπ‰¥â„π
¢—ÈπµàÕ¡“¢Õß°“√‡®√‘≠¢Õß‡´≈≈å ‡™àπ‡¥’¬«°—∫°“√π”‰ª Ÿà°“√‡°‘¥¡–‡√Áß„π§π √Ÿª·∫∫°“√‡°‘¥°“√µ“¬¢Õß
‡´≈≈å  “¡“√∂·∫àß‰¥â‡ªìπ “¡ª√–‡¿∑ ¢÷Èπ°—∫°“√µÕ∫ πÕß¢Õß‡´≈≈å ‰¥â·°à apoptosis, necrosis ·≈–
autophagy [1] (√Ÿª∑’Ë 1)

√Ÿª∑’Ë 1 · ¥ß√Ÿª·∫∫°“√µ“¬¢Õß‡´≈≈å‡¡◊ËÕ‰¥â√—∫§«“¡‡¢â¡¢âπ¢Õß “√æ‘…√–¥—∫µà“ßÊ ‚¥¬À“°‡´≈≈å‰¥â√—∫
 “√æ‘…À√◊Õ ‘Ëß·ª≈°ª≈Õ¡πâÕ¬ ‡´≈≈å®–µÕ∫ πÕß‚¥¬°“√‡°‘¥ autophagy À“°‡´≈≈å‰¥â√—∫ “√
æ‘…¡“°‡°‘π‰ª ‡´≈≈å®–µÕ∫ πÕß‚¥¬°“√‡°‘¥ necrosis [2]

 “¡“√∂ —ß‡°µ§«“¡·µ°µà“ß√–À«à“ß°“√µ“¬¢Õß‡´≈≈å∑—Èß 3 ·∫∫‰¥â®“°°“√‡ª≈’Ë¬π·ª≈ß∑“ß
 —≥∞“π«‘∑¬“¿“¬πÕ°·≈–¿“¬„π‡´≈≈å ‡´≈≈å∑’Ë‡°‘¥ apoptosis π—Èπ¡—°∂Ÿ°§«∫§ÿ¡¥â«¬‡Õπ‰´¡å·§ ‡ª 
(caspase) ‡¬◊ËÕÀÿâ¡‡´≈≈å‡°‘¥ blebbing ∑”„Àâ‡´≈≈å¡’√Ÿª√à“ß°≈¡¡“°¢÷Èπ (√Ÿª∑’Ë 1) ‡°‘¥°“√Õ—¥·πàπ¢Õß‡ âπ„¬
‚§√¡“∑‘π„ππ‘«‡§≈’¬  (nuclear condensation) ‡°‘¥°“√·µ°À—°¢Õß¥’‡ÕÁπ‡Õ (DNA fragmentation)
·≈–‡°‘¥™‘Èπ à«π ’¥”¢π“¥‡≈Á°¿“¬„π‡´≈≈å‡√’¬°«à“ çapoptotic bodyé ÷́Ëß®–æ∫‡©æ“–„π‡´≈≈å∑’Ë‡°‘¥
°“√µ“¬·∫∫ apoptosis ‡∑à“π—Èπ °“√µ“¬¢Õß‡´≈≈å·∫∫ autophagy ‡°‘¥‚¥¬‡¬◊ËÕÀÿâ¡‡´≈≈å‡ª≈’Ë¬π·ª≈ß‰ª¡’
2 ™—Èπ (À√◊Õ¡“°°«à“) ‡√’¬°«à“ autophagosome ®“°π—Èπ‡¬◊ËÕÀÿâ¡‡´≈≈åπ’È®–‰ª√«¡µ—«°—∫ÕÕ√å°“‡π≈≈å¿“¬„π
‡´≈≈å§◊Õ‰≈‚´‚´¡ ‡°‘¥‡ªìπ∂ÿß®”π«π¡“° ‡√’¬°·µà≈–∂ÿß«à“ autophagic vesicle „π∂ÿßπ’È¡’ “√‚¡‡≈°ÿ≈
¢π“¥„À≠à∑’Ë®”‡ªìπµàÕ°“√¥”√ß™’«‘µ¢Õß‡´≈≈å ´÷Ëß®–∂Ÿ°¬àÕ¬‚¥¬‡Õπ‰´¡å®“°‰≈‚´‚´¡·≈â«ª≈àÕ¬‡¢â“ Ÿà
‰´‚∑æ≈“ ÷́¡¢Õß‡´≈≈å °“√¡’ autophagosome ¡“°‡°‘π‰ªÕ“®∑”„Àâ‡´≈≈åµ“¬‰¥â ®÷ß√«¡‡Õ“ autophagy
‡ªìπ√Ÿª·∫∫Àπ÷Ëß¢Õß°“√µ“¬¢Õß‡´≈≈å¥â«¬  ”À√—∫°“√µ“¬¢Õß‡´≈≈å·∫∫ necrosis ‰¡à‰¥â‡ªìπº≈‡π◊ËÕß¡“
®“°°“√∑”ß“π¢Õß‡Õπ‰´¡å·§ ‡ª À√◊Õ‰≈‚´‚´¡ ≈—°…≥–°“√‡ª≈’Ë¬π·ª≈ß∑’Ë‡°‘¥°—∫‡´≈≈å®÷ß·µ°µà“ß®“°∑’Ë
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æ∫„π°“√µ“¬¢Õß‡´≈≈å·∫∫ apoptosis ·≈– autophagy °“√‡ª≈’Ë¬π·ª≈ß∑’Ë —ß‡°µ‡ÀÁπ‰¥â™—¥§◊Õ ‡´≈≈å©’°
¢“¥ (cell rupture) ‡´≈≈å·≈–ÕÕ√å°“‡π≈≈åµà“ßÊ ¿“¬„π‡´≈≈å∫«¡ (swelling) °“√‡°‘¥ necrosis ®÷ß‡ªìπ
°“√µÕ∫ πÕß¢Õß‡´≈≈åµàÕ§«“¡‡ªìπæ‘…√–¥—∫‡©’¬∫æ≈—π (acute) À√◊Õ‡´≈≈å∑’ËÕ—°‡ ∫ (inflammation) [1, 2]

„π·¡≈ß°“√‡ª≈’Ë¬π·ª≈ßÕ¬à“ßÀπ÷Ëß∑’Ë —ß‡°µ‰¥â™—¥‡®π‡¡◊ËÕ‡´≈≈å‡°‘¥°“√µ“¬ §◊Õ ‡°‘¥°“√ ≈“¬
µ—«¢Õß‡π◊ÈÕ‡¬◊ËÕÀ√◊Õ‡π◊ÈÕ‡¬◊ËÕ∫“ß à«π∑’Ëæ∫‡©æ“–„π√–¬–µ—«ÀπÕπ (larval specific tissues) „π¢—Èπ ÿ¥∑â“¬
°àÕπ‡¢â“ Ÿà√–¬–¥—°·¥â À“°°√–∫«π°“√µ“¬¢Õß‡´≈≈å∂Ÿ°¬—∫¬—Èß ®–°àÕ„Àâ‡°‘¥§«“¡º‘¥ª°µ‘¢Õß¥—°·¥â
·≈–∑”„Àâ¥—°·¥â‰¡à “¡“√∂‡ª≈’Ë¬π·ª≈ß‡ªìπµ—«‡µÁ¡«—¬∑’Ë ¡∫Ÿ√≥å‰¥â [2-5] ®÷ß‡ÀÁπ‰¥â«à“°“√µ“¬¢Õß‡´≈≈å„π
·¡≈ß¡’§«“¡ ”§—≠‡™àπ‡¥’¬«°—∫°“√µ“¬¢Õß‡´≈≈å∑’Ë‡°‘¥„π —µ«å¡’°√–¥Ÿ° —πÀ≈—ßÕ◊Ëπ ‡æ√“–‡ªìπ°√–∫«π°“√∑’Ë
¡’∫∑∫“∑ ”§—≠„π°“√§«∫§ÿ¡°“√ ≈“¬µ—«¢Õß‡π◊ÈÕ‡¬◊ËÕ„π√–À«à“ß°“√‡®√‘≠‡µ‘∫‚µ¢Õßµ—«ÀπÕπ·≈–°“√
‡ª≈’Ë¬π·ª≈ß√Ÿª√à“ß‰ª‡ªìπ¥—°·¥â·≈–µ—«‡µÁ¡«—¬ °≈à“«‰¥â«à“°“√§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å„π‡π◊ÈÕ‡¬◊ËÕµ—«ÀπÕπ
¢Õß·¡≈ß¡’§«“¡ ”§—≠µàÕ°√–∫«π°“√∂Õ¥√Ÿª¢Õß·¡≈ß √Ÿª·∫∫°“√µ“¬¢Õß‡´≈≈å∑’Ëæ∫„π·¡≈ß∑’Ë¡’°“√
∂Õ¥√ŸªÕ¬à“ß ¡∫Ÿ√≥å (holometabolism) ‡ªìπ·∫∫ apoptosis  ”À√—∫°“√µ“¬¢Õß‡´≈≈å·∫∫ autophagy
·≈– necrosis π—Èπ¡’°“√»÷°…“∫â“ß‡™àπ°—π ·µà¢âÕ¡Ÿ≈∑’Ë‰¥â®“°°“√»÷°…“°“√µ“¬¢Õß‡´≈≈å·∫∫ autophagy
¡’¡“°°«à“ necrosis æ∫«à“°“√µ“¬¢Õß‡´≈≈å·∫∫ apoptosis ·≈– autophagy ¡’§«“¡ —¡æ—π∏å°—π·≈–
¡’∫∑∫“∑µàÕ°“√∂Õ¥√Ÿª¢Õß·¡≈ß ‡™àπ „π·¡≈ßÀ«’Ë (fruit fly, Drosophila melanogaster) ÀπÕπ‰À¡
(silkworm, Bombyx mori) ·≈– º÷Èß (bee, Apis mellifera) ‚¥¬¡—°æ∫°“√µ“¬¢Õß‡´≈≈å·∫∫ apoptosis
°àÕπ·≈â«µ“¡¥â«¬°“√‡°‘¥ autophagy „π¿“¬À≈—ß µ—«Õ¬à“ß‡π◊ÈÕ‡¬◊ËÕ¢Õß√–¬–µ—«ÀπÕπ∑’Ëæ∫«à“‡°‘¥°“√µ“¬
¢Õß‡´≈≈å·∫∫ apoptosis ·≈– autophagy ‰¥â·°à µàÕ¡πÈ”≈“¬ √—ß‰¢à ·≈–∑“ß‡¥‘πÕ“À“√ à«π°≈“ß [6]

°“√§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å·¡≈ß‚¥¬ŒÕ√å‚¡π‡Õ§‰¥‚´π
„π —µ«å‡≈’È¬ß≈Ÿ°¥â«¬π¡ °“√µ“¬¢Õß‡´≈≈å∂Ÿ°§«∫§ÿ¡‚¥¬ ‡µÕ√Õ¬¥åŒÕ√å‚¡π (steroid

hormone) ‡™àπ ‡Õ ‚µ√‡®π (estrogen) ·Õπ‚¥√‡®π (androgen) ‚æ√‡® ‡µÕ‚√π (progesterone) ·≈–
°≈Ÿ‚§§Õµ‘§Õ¬¥ å (glucocorticoids) „π·¡≈ß°“√µ“¬¢Õß‡´≈≈å‡°‘¥¢÷Èπ„π√–À«à“ß°“√∂Õ¥√Ÿª (metamor-
phosis) ·≈–∂Ÿ°§«∫§ÿ¡‚¥¬ ‡µÕ√Õ¬¥åŒÕ√å‚¡π∑’Ë ”§—≠§◊Õ 20-‰Œ¥√Õ° ’́‡Õ§‰¥‚´π ·¬°‰¥â‡ªìπ§√—Èß·√°
„πªï 1954 ‚¥¬ Karlson [7] ¡’‚§√ß √â“ß‡À¡◊Õπ°—π„π·¡≈ßÕ—π¥—∫ Lepidoptera ·≈– Hemiptera
(µ“√“ß∑’Ë 1) ŒÕ√å‚¡π™π‘¥π’Èº≈‘µ‰¥â®“°µàÕ¡‚ª√∑Õ·√§ ‘́§ (prothoracic gland) „π√–¬–µ—«ÕàÕπ ·µà·¡≈ß
Õ—π¥—∫¥‘æ‡∑Õ√à“ (order Diptera) ŒÕ√å‚¡ππ’Èº≈‘µ‰¥â®“° ring gland „π∑“ß∑ƒ…Æ’·≈â«‡™◊ËÕ«à“°“√
 —ß‡§√“–ÀåŒÕ√å‚¡π‡Õ§‰¥‚´π‡√‘Ë¡®“°°“√∑’Ë·¡≈ß‰¥â√—∫ “√ª√–°Õ∫ ‡µÕ√Õ≈®“°æ◊™‚¥¬°“√°‘π ®“°π—Èπ®–
‡ª≈’Ë¬π‡ªìπ “√ª√–°Õ∫™◊ËÕ§’‚µ‰¥ÕÕ≈ (ketodiol) ·≈–‡°‘¥°“√∑”ß“π¢Õß‡Õπ‰´¡åÕ’°À≈“¬™π‘¥ ∑”„Àâ‰¥â
ŒÕ√å‚¡π‡Õ§‰¥‚´π„π√Ÿª∑’Ë “¡“√∂∑”ß“π‰¥â (active form) ∑’Ë‡√’¬°«à“ 20-‰Œ¥√Õ°´’‡Õ§‰¥‚´π
(20-hydroxyecdysone; 20E) (√Ÿª∑’Ë 2) „π·¡≈ßÀ«’Ë æ∫«à“‡Õπ‰´¡å∑’Ë‡°’Ë¬«¢âÕß°—∫°“√ —ß‡§√“–ÀåŒÕ√å‚¡π
20-‰Œ¥√Õ°´’‡Õ§‰¥‚´π ‰¥â·°à ‡Õπ‰´¡å„π°≈ÿà¡ P450 ‡™àπ dib, sad, ·≈– shd [8] ‡¡◊ËÕ √â“ß·≈â«®–‡°Á∫
 – ¡‰«â√Õ∫Ê ‡π◊ÈÕ‡¬◊ËÕ¢ÕßµàÕ¡‚ª√∑Õ·√§ ‘́§‡Õß ‡¡◊ËÕ·¡≈ß¡’°“√≈Õ°§√“∫‡ªìπµ—«‡µÁ¡«—¬µàÕ¡π’È®– ≈“¬µ—«
Õ¬à“ß‰√°Áµ“¡æ∫«à“πÕ°‡Àπ◊Õ‰ª®“°µàÕ¡‚ª√∑Õ·√§´‘§·≈â«¬—ß¡’Õ«—¬«–Õ◊ËπÊ ∑’Ë∑”Àπâ“∑’Ë √â“ßŒÕ√å‚¡π‡Õ§‰¥‚´π
‰¥â¥â«¬‡™àπ ‡´≈≈å‡¡Á¥‡≈◊Õ¥Õ’‚π‰´µå (oenocyte) √—ß‰¢à·≈–º‘«Àπ—ß (epidermis) [9, 10]
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√Ÿª∑’Ë 2 · ¥ß°√–∫«π°“√ —ß‡§√“–Àå 20-‰Œ¥√Õ° ’́‡Õ§‰¥‚´π [8]

µ“√“ß∑’Ë 1 · ¥ß‚§√ß √â“ß¢Õß 20-‰Œ¥√Õ°´’‡Õ§‰¥‚´π∑’Ëæ∫„π·¡≈ß™π‘¥Õ◊ËπÊ [11]

Factora Speciesb Tropic/static
2OE H. cecropia Physiologically

S. cynthia dependent
M. sexta
M. configurata
P. brassicae
R. prolixus
M. brassicae

aFor every family of influencing factors an exemplary structure is presented if characterized
bThe species in which activity was described

„π√–À«à“ß°“√‡®√‘≠‡ª≈’Ë¬π·ª≈ß¢Õßµ—«ÕàÕπÀ≈—ß√–¬–‡ÕÁ¡∫√‘‚Õ¢Õß·¡≈ß„π°≈ÿà¡‚Œ‚≈‡¡∑“‚∫≈— 
(holometabolous) ¡’°“√≈Õ°§√“∫‡°‘¥¢÷ÈπÀ≈“¬§√—Èß ‚¥¬®”π«π§√—Èß¢Õß°“√≈Õ°§√“∫‡æ◊ËÕ‡¢â“ Ÿà√–¬–
¥—°·¥â·µ°µà“ß°—π‰ª·≈â«·µà™π‘¥·¡≈ß ‡™àπ „π·¡≈ßÀ«’Ë ¡’°“√≈Õ°§√“∫ 2 §√—Èß ·≈–„πÀπÕπ‰À¡¡’°“√
≈Õ°§√“∫ 4 §√—Èß °“√‡ª≈’Ë¬π√Ÿª√à“ß®“°µ—«ÀπÕπ‰ª‡ªìπ¥—°·¥âæ∫«à“‡°‘¥°“√‡ª≈’Ë¬π·ª≈ßæ—≤π“°“√¢Õß
‡π◊ÈÕ‡¬◊ËÕ„πµ—«ÀπÕπ∑—Èß√–¥—∫‡´≈≈å·≈–√–¥—∫‚¡‡≈°ÿ≈ [12, 13] „πÀπÕπ‰À¡ µ—«ÀπÕπ√–¬–∑’Ë 4 ∂◊Õ‡ªìπ
penultimate larvae ®–‡°‘¥°“√ √â“ß‡π◊ÈÕ‡¬◊ËÕªÿÉ¡ªï°∑’Ë‡√’¬°«à“ wing imaginal disc ·≈–‡π◊ÈÕ‡¬◊ËÕ‡√‘Ë¡µâπ∑’Ë
®–‡®√‘≠‰ª‡ªìπ¢“ (leg primodia) ∑—Èß Õß‡π◊ÈÕ‡¬◊ËÕ ¡’§«“¡æ√âÕ¡∑’Ë®–∂Ÿ°°√–µÿâπ‚¥¬ŒÕ√å‚¡π‡æ◊ËÕ°≈“¬‡ªìπ
ªï°·≈–¢“¢Õß¥—°·¥â ‚¥¬æ∫«à“ÀπÕπ√–¬–∑’Ë 5 ´÷Ëß‡ªìπ√–¬–∑’ËÀπÕπ¬—ß¡’°“√°‘πÕ“À“√Õ¬Ÿà ‡π◊ÈÕ‡¬◊ËÕªÿÉ¡ªï°

OH

OH
OH

OH

HO

HO

O
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·≈–‡´≈≈åº‘«Àπ—ß¡’§«“¡æ√âÕ¡∑’Ë®–‡°‘¥°“√ ≈“¬µ—«·≈–‡ª≈’Ë¬π·ª≈ß‰ª‡ªìπ‚§√ß √â“ß¢Õßªï°·≈–º‘«Àπ—ß„π
¥—°·¥â ·µàµàÕ¡ √â“ß‰À¡®–‡°‘¥°“√ ≈“¬µ—«À≈—ß®“°¥—°·¥â≈Õ°§√“∫·≈â« ª√“°Ø°“√≥å∑—ÈßÀ¡¥∑’Ë°≈à“«¡“
∂Ÿ°§«∫§ÿ¡‚¥¬ŒÕ√å‚¡π 20-‰Œ¥√Õ°´’‡Õ§‰¥‚´π [14-16]

¡’°“√»÷°…“‡°’Ë¬«°—∫°“√µ“¬¢Õß‡´≈≈å„π·¡≈ßÕ¬à“ß·æ√àÀ≈“¬„π·¡≈ßÀ≈“¬™π‘¥ ·µà∑’Ëπ‘¬¡
»÷°…“°—π¡“°‡ªìπ°“√»÷°…“°“√µ“¬‚¥¬Õ“»—¬µàÕ¡πÈ”≈“¬¢Õß·¡≈ßÀ«’Ë‡ªìπµâπ·∫∫ ·µà‡π◊ËÕß®“°‡´≈≈åµàÕ¡
πÈ”≈“¬¢Õß·¡≈ßÀ«’Ë¡’¢π“¥‡≈Á°∑”„Àâ‰¡à “¡“√∂‡ÀÁπ°“√‡ª≈’Ë¬π·ª≈ß‚§√ß √â“ß¿“¬„π‡´≈≈å‰¥â™—¥‡®π
°“√µ√«®«—¥°“√·µ°À—°¢Õß¥’‡ÕÁπ‡Õ (DNA fragmentation) ‚¥¬°“√∑”‡®≈Õ‘‡≈§‚∑√‚ø‡√ ‘́  (gel
electrophoresis) ∑”‰¥â¬“°‡π◊ËÕß®“°ª√‘¡“≥¥’‡ÕÁπ‡Õ„πµàÕ¡πÈ”≈“¬¡’πâÕ¬ [17] °“√»÷°…“‡√◊ËÕß°“√µ“¬
¢Õß‡´≈≈å„π·¡≈ßÀ«’Ë®÷ß∑”‰¥â‡æ’¬ß°“√µ√«®«—¥°“√·µ°À—°¢Õß¥’‡ÕÁπ‡Õ (DNA fragmentation) ‚¥¬„™â
‡∑§π‘§ TUNEL (terminal deoxynucleotidyl transferase-mediate deoxyuridine triphosphate
biotin nick end labeling) [18] ·≈–‡π◊ËÕß®“°°“√»÷°…“‡√◊ËÕß°“√µ“¬„π·¡≈ßÀ«’Ë‰¥â∑”Õ¬à“ßµàÕ‡π◊ËÕß‡ªìπ
√–¬–‡«≈“π“π ¢âÕ¡Ÿ≈„π√–¥—∫‚¡‡≈°ÿ≈®÷ß¡’§àÕπ¢â“ß¡“° Õ¬à“ß‰√°Áµ“¡À“°µâÕß°“√»÷°…“°“√‡ª≈’Ë¬π·ª≈ß
∑“ß —≥∞“π«‘∑¬“¢Õß‡´≈≈å·≈–π‘«‡§≈’¬  ®”‡ªìπµâÕß‡≈◊Õ°‡π◊ÈÕ‡¬◊ËÕ·¡≈ß∑’Ë¡’¢π“¥„À≠à µàÕ¡ √â“ß‰À¡¢Õß
ÀπÕπ‰À¡‡ªìπ‡π◊ÈÕ‡¬◊ËÕ∑’Ë¡’¢π“¥„À≠à∑’Ë ÿ¥„πµ—«ÀπÕπ√–¬– ÿ¥∑â“¬¢ÕßÀπÕπ‰À¡ ®÷ß∂Ÿ°‡≈◊Õ°¡“‡æ◊ËÕ‡ªìπ
µâπ·∫∫„π°“√»÷°…“°“√µ“¬„π·¡≈ßπÕ°‡Àπ◊Õ®“°µàÕ¡πÈ”≈“¬∑’Ë∑”°“√»÷°…“„π·¡≈ßÀ«’Ë πÕ°®“°µàÕ¡ √â“ß
‰À¡®–¡’¢âÕ‰¥â‡ª√’¬∫„π‡√◊ËÕß¢π“¥¢Õß‡´≈≈å·≈â«¬—ßæ∫«à“‡´≈≈å∑’Ë∫ÿÕ¬Ÿà√Õ∫∑àÕ √â“ß‰À¡ ¡’°“√®—¥‡√’¬ß
µ—«Õ¬à“ß‡ªìπ√–‡∫’¬∫ ‡´≈≈å·µà≈–‡´≈≈å¡’√Ÿª√à“ß‡ªìπ·ºàπÀ°‡À≈’Ë¬¡ ·≈–¡’π‘«‡§≈’¬ ·µ°°‘Ëß°â“π‡ÀÁπ‰¥â
™—¥‡®π‡¡◊ËÕ¬âÕ¡¥â«¬ ’ DAPI (4û,6-diamidono-2-phenylindole) [18, 19] (√Ÿª∑’Ë 3)

√Ÿª∑’Ë 3 · ¥ß≈—°…≥–¢ÕßµàÕ¡ √â“ß‰À¡µÕπµâπ¢ÕßÀπÕπ‰À¡ (∑’Ë¡“: ‡√’¬∫‡√’¬ß„À¡à·≈–¥—¥·ª≈ß®“° [20])
(°) µàÕ¡ √â“ß‰À¡µÕπµâπ¢ÕßÀπÕπ‰À¡
(¢) π‘«‡§≈’¬ ‡¡◊ËÕ¬âÕ¡¥â«¬ ’ DAPI
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‡¡◊ËÕ»÷°…“°“√‡ª≈’Ë¬π·ª≈ß¢ÕßµàÕ¡ √â“ß‰À¡µÕπµâπ¢Õßµ—«ÀπÕπ„π√–¬–°àÕπ‡ª≈’Ë¬π‡ªìπ¥—°·¥â
(prepupal stage) ®π°√–∑—Ëß‡ªìπ¥—°·¥â æ∫«à“¡’°“√‡ª≈’Ë¬π·ª≈ß∑“ß —≥∞“π«‘∑¬“¢Õß‡´≈≈å·≈–π‘«‡§≈’¬ 
∑’Ë‡ÀÁπ‰¥â™—¥‡®π ·≈–º≈°“√»÷°…“∑’Ë‰¥â®“°°“√ —ß‡°µ°“√‡ª≈’Ë¬π·ª≈ßπ’È§≈â“¬§≈÷ß°—∫º≈°“√»÷°…“∑’Ë‰¥â®“°
°“√π”µàÕ¡ √â“ß‰À¡µÕπµâπ¡“‡æ“–‡≈’È¬ß„πÕ“À“√‡æ“–‡≈’È¬ß‡π◊ÈÕ‡¬◊ËÕ·¡≈ß∑’Ë‡µ‘¡ŒÕ√å‚¡π 20-‰Œ¥√Õ° ’́‡Õ§-
‰¥‚´π≈ß‰ª¥â«¬ ‚¥¬æ∫«à“ ‡´≈≈å¢ÕßµàÕ¡¡’°“√‡ª≈’Ë¬π·ª≈ß∑“ß —≥∞“π«‘∑¬“∑”„Àâ “¡“√∂¡Õß‡ÀÁπ°“√
‡ª≈’Ë¬π·ª≈ß‰¥â‡ªìπ√–¥—∫¢—Èπ ‡√’¬°§–·ππ°“√‡ª≈’Ë¬π·ª≈ß¥—ß°≈à“««à“ PCD score ¡’∑—ÈßÀ¡¥ 6 √–¥—∫
§–·ππ [16, 21] πÕ°®“°π’È·≈â«¬—ßæ∫°“√‡ª≈’Ë¬π·ª≈ß∑’Ë‡°‘¥°—∫π‘«‡§≈’¬ ¥â«¬‡™àπ°—π ‚¥¬æ∫«à“ 20-‰Œ¥√Õ°-
´’‡Õ§‰¥‚´π ∑”„Àâ‡°‘¥°“√µ“¬™π‘¥ apoptosis ‚¥¬ àßº≈„π 2 ¢—ÈπµÕπ §◊Õ  àßº≈µàÕ≈—°…≥–∑“ß —≥∞“π
«‘∑¬“¢Õß‡´≈≈å·≈– àßº≈„π√–¥—∫‚¡‡≈°ÿ≈  ”À√—∫°“√‡ª≈’Ë¬π·ª≈ß∑“ß —≥∞“π«‘∑¬“∑’Ë‡°‘¥  “¡“√∂ —ß‡°µ
‰¥â®“°≈—°…≥–¢Õß‡´≈≈å∑’Ë¡’°“√‡ª≈’Ë¬π·ª≈ß‡ªìπ≈”¥—∫ ‚¥¬‡√‘Ë¡®“°°“√À¥µ—«¢Õß‡´≈≈å (cell shrinkage)
°“√‡°‘¥°“√Õ—¥·πàπ¢Õßπ‘«‡§≈’¬  °“√‡°‘¥°“√·µ°À—°¢Õß¥’‡ÕÁπ‡Õ °“√‡°‘¥°“√·µ°À—°¢Õßπ‘«‡§≈’¬ 
(nuclear fragmentation) (√Ÿª∑’Ë 4) ·≈–°“√‡°‘¥ apoptotic body [19-22]

√Ÿª∑’Ë 4 · ¥ß≈—°…≥–π‘«‡§≈’¬ ¢ÕßµàÕ¡ √â“ß‰À¡µÕπµâπ∑’Ë‡°‘¥ PCD (∑’Ë¡“: ‡√’¬∫‡√’¬ß„À¡à·≈–¥—¥·ª≈ß
®“° [20])
(°) π‘«‡§≈’¬ ∑’Ë‰¡à‡°‘¥ PCD
(¢) π‘«‡§≈’¬ ∑’Ë‡°‘¥°“√Õ—¥·πàπ
(§) π‘«‡§≈’¬ ∑’Ë‡°‘¥°“√·µ°À—°

°“√§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å‚¥¬ŒÕ√å‚¡π·¡≈ß„π√–¥—∫‚¡‡≈°ÿ≈
¥—ß∑’Ë‰¥â°≈à“«¡“·≈â««à“ 20-‰Œ¥√Õ°´’‡Õ§‰¥‚´π ¡’º≈‰ª°√–µÿâπ„Àâ‡°‘¥°“√‡ª≈’Ë¬π·ª≈ß∑“ß

 —≥∞“π«‘∑¬“ °“√»÷°…“‡√◊ËÕß°“√µ“¬¢Õß‡´≈≈å‚¥¬Õ“»—¬°“√∑¥≈Õß„π∑“ß‡¥‘πÕ“À“√ à«π°≈“ß·≈–µàÕ¡
πÈ”≈“¬ · ¥ß„Àâ‡ÀÁπ«à“ŒÕ√å‚¡π‡Õ§‰¥‚´π¡’º≈µàÕ°“√§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å„π√–¥—∫‚¡‡≈°ÿ≈¢Õß¬’πºà“π
2 °≈‰° °≈‰°·√°®–‰ª°√–µÿâπ°“√∑”ß“π¢Õß early gene °≈‰°∑’Ë Õß‡ªìπº≈‡π◊ËÕß¡“®“°°“√°√–µÿâπ¢Õß
early gene µàÕ¬’π∑’Ë§«∫§ÿ¡°“√µ“¬ (death gene) °≈‰°·√°‡√‘Ë¡®“°°“√®—∫°—π√–À«à“ßŒÕ√å‚¡π‡Õ§‰¥‚´π
°—∫√’‡´∫‡µÕ√å¢ÕßŒÕ√å‚¡π ™◊ËÕ ‡Õ§‰¥‚´π√’‡´∫‡µÕ√å (ecdysone receptor; EcR) °—∫ partner protein
™◊ËÕ Õ—≈µ√“ ‰ª√“‡§‘≈ (ultraspiracle, Usp) °“√®—∫°—π¢ÕßŒÕ√å‚¡π°—∫√’‡´∫‡µÕ√åπ’È®–‰ª¡’º≈°√–µÿâπ„Àâ‡°‘¥
°“√∑”ß“π¢Õß early gene ‰¥â·°à Broad-Complex (BR-C), E74 ·≈– E93 [23, 24] (√Ÿª∑’Ë 5) °“√
§«∫§ÿ¡‚¥¬¬’π∑’Ë°≈à“«¡“ ¡’§«“¡§≈â“¬§≈÷ß°—∫°“√§«∫§ÿ¡‚¥¬¬’π∑’Ëæ∫„π·¡≈ßÕ—π¥—∫‡≈æ‘¥Õæ‡∑Õ√à“
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(order Lepidoptera) ™π‘¥Õ◊Ëπ ‡™àπ ÀπÕπ‰À¡ ·≈–º’‡ ◊ÈÕ‡À¬’Ë¬« (hawkmoth, Manduca sexta) „π
ÀπÕπ‰À¡ æ∫«à“ŒÕ√å‚¡π 20-‰Œ¥√Õ°´’‡Õ§‰¥‚´π¡’º≈‰ª°√–µÿâπ„Àâ‡°‘¥°“√· ¥ßÕÕ°¢Õß¬’π∑’ËµÕ∫ πÕß
µàÕ 20E (20E responsive genes) §◊Õ early gene ‰¥â·°à EcR, USP, BR-C, E74, E75 ·≈– E93
[24, 25] (√Ÿª∑’Ë 6) °“√∑”ß“π¢Õß BR-C ·≈– E74 ®–¢÷Èπ°—∫√–¥—∫¢Õß‡Õ§‰¥‚´π„πŒ’‚¡≈‘¡æå∑’Ë Ÿß¢÷Èπ
·µà¬’π E79 ‡ªìπ¬’π∑’Ë· ¥ßÕÕ°Õ¬à“ß®”‡æ“–‡®“–®ß„π·µà≈–√–¬–°“√‡®√‘≠ °“√§«∫§ÿ¡¢Õß¬’π∑—Èß “¡µ—«¡’
º≈°√–µÿâπ°“√∑”ß“π¢Õß¬’π∑’Ë§«∫§ÿ¡°“√µ“¬ (death gene) À≈“¬µ—« ‡™àπ rpr (reaper), hid (head
involution defective) ·≈– dronc (√Ÿª∑’Ë 7) °“√»÷°…“∑“ßæ—π∏ÿ»“ µ√å‚¥¬‡∑§π‘§ RNA interference
(RNAi) „Àâº≈¬◊π¬—π«à“ ¬’π rpr ·≈– hid ‡ªìπ¬’π∑’Ë®”‡ªìπµàÕ°“√ àß —≠≠“≥„Àâ‡´≈≈åµ“¬ ·≈–æ∫«à“ BR-C
¡’º≈‚¥¬µ√ßµàÕ°“√· ¥ßÕÕ°¢Õß dronc [26] §«“¡º‘¥ª°µ‘¢Õß¬’π E93 ‰ª¡’º≈∑”„Àâ°“√· ¥ßÕÕ°
¢Õß death gene ‡™àπ rpr, hid, dronc ·≈– crq ≈¥≈ß [27]

√Ÿª∑’Ë 5 · ¥ß°“√°√–µÿâπ°“√∑”ß“π¢Õß‡Õ§-‰¥‚´π√’‡´∫‡µÕ√å ‚ª√µ’πÕ—≈µ√“ ‰ª√“‡§‘≈ ·≈–¬’π∑’Ë‡°’Ë¬«¢âÕß
°—∫°“√µ“¬¢Õß‡´≈≈å„πµàÕ¡πÈ”≈“¬¢ÕßÀπÕπ‰À¡√–¬–µ—«ÀπÕπ (*¬’π∑’Ë‰¡àµÕ∫ πÕßµàÕ°“√∂Ÿ°
°√–µÿâπ¥â«¬¬’π E74, BR-C ·≈–/À√◊Õ E93 „π·¡≈ßÀ«’Ë°≈“¬æ—π∏ÿå; **¬’π∑’Ë‰¡à‰¥â∑¥ Õ∫°“√
°√–µÿâπ„π·¡≈ßÀ«’Ë°≈“¬æ—π∏ÿå) [23]
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√Ÿª∑’Ë 6 · ¥ß°“√‡ª≈’Ë¬π·ª≈ß°“√· ¥ßÕÕ°¢Õß¬’π∑’Ë —¡æ—π∏å°—∫√–¥—∫ŒÕ√å‚¡π‡Õ§‰¥‚´π„πŒ’‚¡≈‘¡æå„π
√–¬–°“√‡®√‘≠¢—Èπµà“ßÊ V = µ—«ÀπÕπ√–¬–∑’Ë 5 ‡≈¢∑’Ë√–∫ÿ¥â“πÀ≈—ßµ—«Õ—°…√ V À¡“¬∂÷ßÕ“¬ÿ
¢ÕßÀπÕπ„π√–¬–∑’Ë 5 («—π) G = µ—«ÀπÕπ√–¬–°àÕπ‡¢â“¥—°·¥â ‡≈¢∑’Ë√–∫ÿ¥â“πÀ≈—ßµ—«Õ—°…√ G
À¡“¬∂÷ßÕ“¬ÿ¢Õßµ—«ÀπÕπ√–¬–°àÕπ‡¢â“¥—°·¥â [24]

‡Õπ‰´¡å·§ ‡ª ·≈–°“√§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å
πÕ°®“°®–æ∫«à“ŒÕ√å‚¡π 20-‰Œ¥√Õ°´’‡Õ§‰¥‚´π ¡’º≈µàÕ°“√∑”ß“π„π√–¥—∫¬’π¥—ß∑’Ë‰¥â

°≈à“«‰ª·≈â«π—Èπ ¬—ßæ∫«à“ŒÕ√å‚¡π‡Õ§‰¥‚´π ¡’º≈µàÕ “√‚¡‡≈°ÿ≈Õ◊Ëπ„π°“√ àß —≠≠“≥√–¥—∫‡´≈≈å (cell
signaling pathway) ‡™àπ ·§≈‡ ’́¬¡·≈–‡Õπ‰´¡å∑’Ë‡°’Ë¬«¢âÕß°—∫°“√µ“¬§◊Õ ‡Õπ‰´¡å·§ ‡ª  [28-30]
·≈–æ∫«à“°≈‰°°“√ àß —≠≠“≥„π√–¥—∫‡´≈≈å‡æ◊ËÕ§«∫§ÿ¡°“√µ“¬„π·¡≈ß¡’§«“¡‡À¡◊ÕπÀ√◊Õ§≈â“¬§≈÷ß°—∫∑’Ë
æ∫„πÀπÕπµ—«°≈¡ (Caenorhabditis elegans) ·≈– —µ«å‡≈’È¬ß≈Ÿ°¥â«¬π¡ [30] ‡Õπ‰´¡å·§ ‡ª ∑”
Àπâ“∑’Ë‡ªìπ‡Õπ‰´¡å„π°“√¬àÕ¬‚ª√µ’π ∂◊Õ‡ªìπ‡Õπ‰´¡å∑’Ë¡’∫∑∫“∑ ”§—≠∑’Ë ÿ¥„π°“√§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å
„πÀπÕπµ—«°≈¡ ‡Õπ‰´¡å·§ ‡ª ™π‘¥ CED-4 ‰ª¡’º≈°√–µÿâπ°“√∑”ß“π¢Õß‡Õπ‰´¡å·§ ‡ª ™π‘¥
CED-3 Õ¬à“ß‰√°Áµ“¡À“°æ∫«à“¡’°“√· ¥ßÕÕ°¢Õß CED-9 ¿“¬„π‡´≈≈åπ—Èπ ®–‰ª¡’º≈¬—∫¬—Èß°“√µ“¬¢Õß
‡´≈≈å‡π◊ËÕß®“° CED-9 ‰ª¡’º≈¬—∫¬—Èß°‘®°√√¡°“√∑”ß“π¢Õß‡Õπ‰´¡å·§ ‡ª ™π‘¥ CED-4 πÕ°®“°π’È·≈â«
¬—ßæ∫«à“ EGL-1 ‡ªìπ‚ª√µ’πÕ’°™π‘¥„π°≈ÿà¡ Bcl-2 ∑’Ë¡’º≈‰ª√∫°«π°“√∑”ß“π¢Õß‡Õπ‰´¡å·§ ‡ª 
CED-9 °—∫ ‡Õπ‰´¡å·§ ‡ª ™π‘¥ CED-4 ∑”„Àâ‡´≈≈åµ“¬ „π®’‚π¡ (genome) ¢Õß·¡≈ßÀ«’Ëæ∫«à“¡’‚ª√µ’π
∑’Ë∑”Àπâ“∑’Ë‡ªìπ‡Õπ‰´¡å·§ ‡ª ¥â«¬°—π∑—ÈßÀ¡¥ 7 ™π‘¥ §◊Õ Dronc [31], Decay [32], Drice [33],
Dcp-1 [34], Damm (Daydream) [35, 36], Strica (Dream) [36, 37] ·≈– Dredd [38] adaptor Ark
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(dArk) (homologous °—∫ CED-4 ·≈– Apaf-1) ‡ªìπ‚ª√µ’πµ—«·√°∑’Ë¡’º≈„π°“√ àß —≠≠“≥√–¥—∫‡´≈≈å
µàÕ‰ª¬—ß‡Õπ‰´¡å·§ ‡ª µ—« ”§—≠∑’Ë™◊ËÕ Dronc ®“°π—Èπ‡Õπ‰´¡å·§ ‡ª µ—«Õ◊ËπÊ ‡™àπ Debcl ·≈– Buffy
∑”Àπâ“∑’Ë‡ªìπµ—«√—∫ —≠≠“π¿“¬„π‡´≈≈å °≈‰°§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å “¡“√∂∂Ÿ°¬—∫¬—Èß‰¥â‚¥¬‚ª√µ’π„π
°≈ÿà¡ IAP (inhibitor apoptosis protein) ‡Õπ‰´¡å™π‘¥π’È„π·¡≈ßÀ«’Ë™◊ËÕ«à“ DIAP-1 ∑”Àπâ“∑’Ë¬—∫¬—Èß°“√
∑”ß“π¢Õß‡Õπ‰´¡å Dronc √«¡∑—Èß¡’º≈‰ª¬—∫¬—Èß°“√∑”ß“π¢Õß‡Õπ‰´¡åÕ’°™π‘¥∑’Ë∂Ÿ°°√–µÿâπ‚¥¬ Dronc §◊Õ
‡Õπ‰´¡å Drice Õ’°¥â«¬ ‚ª√µ’π∑’Ë¡“®—∫°—∫ DIAP-1 ‡™àπ Rpr, Hid (Wrinkled) [39], Grim [40],
Sickle [41] ·≈– Jafrac-2 (RHG) [42, 43] ∑”„Àâ‡°‘¥°“√µ“¬¢Õß‡´≈≈å ‚¥¬‰ª¡’º≈√∫°«π§«“¡ “¡“√∂
¢Õß DIAP-1 µàÕ°“√¬—∫¬—Èß°“√∑”ß“π¢Õß‡Õπ‰´¡å Dronc ·≈– Drice [44] „π —µ«å‡≈’È¬ß≈Ÿ°¥â«¬π¡
¡’‡Õπ‰´¡å·§ ‡ª ∑’Ë∑”Àπâ“∑’Ë‡À¡◊Õπ°—∫‡Õπ‰´¡å Dronc ¢Õß·¡≈ßÀ«’Ë ™◊ËÕ«à“‡Õπ‰´¡å caspase-9 ‡Õπ‰´¡åπ’È
∂Ÿ°°√–µÿâπ‚¥¬ Apaf-1 ¿“¬„µâ°“√§«∫§ÿ¡¢Õß‚ª√µ’π„π°≈ÿà¡ Bcl-2  ‘Ëß‡√â“∑’Ë‰ª¡’º≈°√–µÿâπ°“√µ“¬¢Õß
‡´≈≈å πÕ°®“°π’È¬—ßæ∫«à“¡’‚¡‡≈°ÿ≈¢Õß “√Õ◊Ëπ∑’Ë¡’º≈‰ª°√–µÿâπ°“√∑”ß“π¢Õß‡Õπ‰´¡å·§ ‡ª ·≈â«™—°π”„Àâ
‡°‘¥°“√µ“¬„π‡´≈≈å¢Õß —µ«å‡≈’È¬ß≈Ÿ°¥â«¬π¡ ‡™àπ BH3, Bax, Bak ·≈– Fadd [45] ®÷ß‡ÀÁπ‰¥â«à“°“√µ“¬
¢Õß‡´≈≈å®–‡°‘¥¢÷Èπ‡¡◊ËÕ‡´≈≈å∂Ÿ°√∫°«π °“√√∫°«π¢Õß‡´≈≈å‚¥¬ ‘Ëß·ª≈°ª≈Õ¡‰ª¡’º≈µàÕ°“√∑”ß“π¢Õß
‡Õπ‰´¡å·§ ‡ª ™π‘¥Õ◊ËπÊ ∑’ËÕ¬Ÿà„π°“√ àß —≠≠“≥√–¥—∫‡´≈≈å ‚¥¬Õ“®‰ª°√–µÿâπÀ√◊Õ¬—∫¬—Èß‚¡‡≈°ÿ≈¢Õß
 “√∑’Ë‡°’Ë¬«¢âÕß°—∫°“√ àß —≠≠“≥√–¥—∫‡´≈≈å‰¥â °“√∑”ß“π¢Õß‡Õπ‰´¡å·§ ‡ª ¢Õß·¡≈ß·≈– —µ«å‡≈’È¬ß
≈Ÿ°¥â«¬π¡  “¡“√∂∂Ÿ°¬—∫¬—Èß‰¥â‚¥¬‚ª√µ’π„π°≈ÿà¡ IAP (inhibitor apoptosis protein) (√Ÿª∑’Ë 7)

√Ÿª∑’Ë 7 · ¥ß°“√ àß —≠≠“≥√–¥—∫‡´≈≈å‡æ◊ËÕ§«∫§ÿ¡°“√µ“¬¢Õß‡´≈≈å„πÀπÕπµ—«°≈¡ ·¡≈ßÀ«’Ë ·≈–
 —µ«å‡≈’È¬ß≈Ÿ°¥â«¬π¡ ‚¥¬¡’‡Õπ‰´¡å·§ ‡ª ‡ªìπµ—«°≈“ß [30]
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°“√µ“¬¢Õß‡´≈≈å„π·¡≈ß·≈–°“√π”‰ª„™âª√–‚¬™πå
°“√∑¥ Õ∫∑“ß¬“ (pharmacological tests) ‚¥¬„™âµ—«¬—∫¬—Èß°“√∑”ß“π (inhibitors) ¢Õß

‚¡‡≈°ÿ≈„π°“√ àß —≠≠“≥√–¥—∫‡´≈≈å ‡™àπ µ—«¬—∫¬—Èß°“√ —ß‡§√“–Àå‚ª√µ’π (protein synthesis inhibitor)
µ—«¬—∫¬—Èß°“√∑”ß“π¢Õß‡Õπ‰´¡å·§ ‡ª  (caspase inhibitor) ·§≈‡´’¬¡‰Õ‚Õ‚πøÕ√å (calcium ionophore)
·≈–µ—«¬—∫¬—Èß°“√∑”ß“πÕ◊ËπÊ ∑”„Àâ∑√“∫°≈‰°°“√ àß —≠≠“≥√–¥—∫‡´≈≈å¢ÕßŒÕ√å‚¡π 20-‰Œ¥√Õ° ’́‡Õ§‰¥-
‚´π„π√–¥—∫‡´≈≈å  √ÿª‰¥â«à“ŒÕ√å‚¡π‡Õ§‰¥‚´π¡’º≈µàÕ°“√™—°π”„Àâ‡´≈≈å‡°‘¥°“√µ“¬ºà“π 2 °≈‰° §◊Õ °≈‰°
∑’Ë‡ªìπº≈‡π◊ËÕß¡“®“°¬’π (genomic action) ·≈–°≈‰°∑’Ë‰¡à‰¥â‡ªìπº≈‚¥¬µ√ß‡π◊ËÕß¡“®“°¬’π (nongenomic
action) [19, 20, 22, 29]

ªí®®ÿ∫—π°“√»÷°…“‡√◊ËÕß°“√µ“¬¢Õß‡´≈≈å„π·¡≈ß∑”„Àâ‡°‘¥§«“¡√Ÿâ„π√–¥—∫‚¡‡≈°ÿ≈‡æ‘Ë¡¡“°¢÷Èπ
‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß°“√∑¥≈Õß∑’Ë‰¥â»÷°…“„π‡π◊ÈÕ‡¬◊ËÕµà“ßÊ ¢Õß·¡≈ßÀ«’Ë√–À«à“ß°“√‡®√‘≠‡ª≈’Ë¬π·ª≈ß√Ÿª√à“ß
∑”„Àâ‡°‘¥§«“¡‡¢â“„®‡√◊ËÕß°≈‰°¢ÕßŒÕ√å‚¡πµàÕ°“√§«∫§ÿ¡°“√µ“¬·≈–‡π◊ËÕß®“°°≈‰°°“√§«∫§ÿ¡°“√µ“¬
„π√–¥—∫‚¡‡≈°ÿ≈¢Õß·¡≈ß¡’§«“¡§≈â“¬§≈÷ß°—∫°≈‰°∑’Ëæ∫„πÀπÕπµ—«°≈¡·≈– —µ«å‡≈’È¬ß≈Ÿ°¥â«¬π¡
®÷ß¡’§«“¡æ¬“¬“¡∑’Ë®–„™â·¡≈ßÀ«’Ë‡ªìπµâπ·∫∫„π°“√»÷°…“«‘®—¬‡√◊ËÕß°“√µ“¬‡æ◊ËÕÀ“§”Õ∏‘∫“¬°≈‰°∑’Ë§«∫§ÿ¡
°“√‡°‘¥‚√§·≈–‡æ◊ËÕπ”‰ª Ÿà·π«∑“ß„π°“√√—°…“‚√§ ¡’ß“π«‘®—¬À≈“¬ß“π«‘®—¬∑’Ë‰¥âπ”‡∑§π‘§∑“ß‚¡‡≈°ÿ≈‰¥â·°à
°“√ √â“ß·¡≈ßÀ«’Ë∑’Ë¡’¬’π°≈“¬æ—π∏ÿå∑’Ë π„®‚¥¬‡∑§π‘§ RNA interference ·≈–°“√∑¥ Õ∫∑“ß¬“°—∫
·¡≈ßÀ«’Ë ∑”„Àâ∑√“∫«à“°≈‰°§«∫§ÿ¡°√–∫«π°“√°“√µ“¬¢Õß‡´≈≈åª√– “∑„π ¡Õß¢Õß·¡≈ßÀ«’Ë¡’§«“¡
§≈â“¬§≈÷ß·≈–„°≈â‡§’¬ß°—∫°≈‰°°“√‡°‘¥‚√§∑’Ë‡°’Ë¬«¢âÕß°—∫§«“¡º‘¥ª°µ‘¢Õß√–∫∫ª√– “∑ (neurodegenerative
disease) ¢Õß§π µ—«Õ¬à“ß¢Õß‚√§∑’Ë‡°‘¥°—∫§π∑’Ë‡°’Ë¬«¢âÕß°—∫°“√‡ ◊ËÕ¡ ≈“¬À√◊Õ‡ ’¬À“¬¢Õß‡´≈≈å §◊Õ ‚√§
∑’Ë‡°’Ë¬«¢âÕß°—∫§«“¡º‘¥ª°µ‘¢Õß√–∫∫ª√– “∑ (neurodegenerative diseases) ‡™àπ ‚√§Õ—≈‰´‡¡Õ√å
(Alzheimerûs disease) [46] ·≈–‚√§æ“√å§‘π —π (Parkinsonûs disease) [47] πÕ°‡Àπ◊Õ‰ª®“°°“√»÷°…“
°“√µ“¬„π√–∫∫ª√– “∑¢Õß·¡≈ßÀ«’Ë·≈â«¬—ß¡’°“√»÷°…“∑’Ë∑”„π√–∫∫Õ◊Ëπ¥â«¬ ‡™àπ °“√„™â√–∫∫À¡ÿπ‡«’¬π
‚≈À‘µ¢Õß·¡≈ßÀ«’Ë‡ªìπ‚¡‡¥≈„π°“√»÷°…“·≈–Õ∏‘∫“¬§«“¡º‘¥ª°µ‘¢Õß‚√§∑’Ë‡°’Ë¬«¢âÕß°—∫§«“¡º‘¥ª°µ‘¢Õß
À—«„®„π‡¥Á°·√°‡°‘¥ (congenital heart disorder) [48]

 √ÿª
®–‡ÀÁπ«à“ °“√§âπæ∫·≈–°“√»÷°…“„π√–¥—∫‚¡‡≈°ÿ≈‡°’Ë¬«°—∫¬’π·≈– “√™’«‚¡‡≈°ÿ≈ ∑”„Àâ∑√“∫

«à“°“√µ“¬¢Õß·¡≈ß·≈–°“√µ“¬„π‡´≈≈åÕ◊ËπÊ ¢Õß —µ«å¡’°√–¥Ÿ° —πÀ≈—ß ‡°‘¥‚¥¬Õ“»—¬°√–∫«π°“√ àß —≠≠“≥
„π√–¥—∫‡´≈≈å∑’Ë§≈â“¬§≈÷ß°—π ‡√“®÷ß “¡“√∂„™â°“√µ“¬¢Õß‡´≈≈å‡ªìπµ—«∫àß™’ÈÕ—πµ√“¬¢Õß “√‡§¡’  “√æ‘…
À√◊Õ “√·ª≈°ª≈Õ¡‰¥â ‰¥â¡’ºŸâæ¬“¬“¡π”‡Õ“ “√‡§¡’·≈– “√æ‘…‰ª∑”°“√∑¥ Õ∫°—∫·¡≈ß ∂◊Õ‡ªìπ¢âÕ¥’„π
°“√π”¡“„™â»÷°…“∂÷ßº≈¢Õß “√‡§¡’À√◊Õ “√·ª≈°ª≈Õ¡∑’Ë‡¢â“ Ÿà‡´≈≈å ¥—ßπ—Èπ°“√»÷°…“°“√µ“¬¢Õß‡´≈≈å
®÷ß¡’§«“¡ ”§—≠ ‡æ√“–®–∑”„Àâ “¡“√∂‡¢â“„®°≈‰°¢Õß “√æ‘…∑’Ë‡°‘¥°—∫‡´≈≈å·≈–‡æ◊ËÕæ—≤π“°“√ª√–‡¡‘π
§«“¡‡ ’Ë¬ß (risk assessment) ·µàÕ¬à“ß‰√°Áµ“¡°“√»÷°…“µâÕß∑”Õ¬à“ßµàÕ‡π◊ËÕß‡æ√“–∂÷ß·¡â®–¡’ß“π«‘®—¬∑’Ë‰¥â
√“¬ß“π∂÷ßº≈¢Õß “√æ‘…  “√‡§¡’ À√◊Õ·¡â°√–∑—Ëß¬“À≈“¬Ê ™π‘¥·≈â«°Áµ“¡‡√“°Á¬—ß‰¡à “¡“√∂∑√“∫‰¥â∂÷ß
§«“¡‡ªìπæ‘…„π√–¥—∫°÷Ëß‡©’¬∫æ≈—π (subacute) À√◊Õ√–¥—∫‡√◊ÈÕ√—ß (chronic toxicity) À“°‡´≈≈å¢Õß ‘Ëß¡’
™’«‘µ‰¥â√—∫ “√‡À≈à“π—Èπ‡ªìπ√–¬–‡«≈“π“π ®÷ß§«√µâÕßæ‘®“√≥“‡≈◊Õ°‡π◊ÈÕ‡¬◊ËÕ §«“¡‡¢â¡¢âπ √–¬–‡«≈“√«¡‰ª
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∂÷ß°“√®—¥°“√√–∫∫∑¥ Õ∫Õ¬à“ß√—¥°ÿ¡ ·≈â«π”º≈∑’Ë‰¥â®“°°“√»÷°…“¡“«‘‡§√“–Àå ¡“ª√–¡«≈º≈„À¡à ∑”°“√
∑¥ Õ∫Õ’°§√—Èß„π√–∫∫°“√∑¥≈Õß in vitro
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