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Simvastatin Induces Avian Muscle Protein Degradation through Muscle Atrophy Signaling
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ABSTRACT Many studies on poultry have been conducted in the poultry industry to improve their important economic traits,
such as egg production, meat quality, and carcass yield. Environmental changes affect the poultry’s economic traits, including
muscle growth. The purpose of this study is to investigate the mechanisms by which simvastatin causes muscle injury in quail
muscle cells. Following treatment with various doses of simvastatin, LD50 in the quail myoblast cells was determined using
a cell viability test; cell death was caused by apoptosis and/or necrosis. Thereafter, the expression patterns of the atrophy
marker genes were examined via quantitative reverse-transcription polymerase chain reaction (QRT-PCR). The results showed
that the transcriptional levels of the muscle atrophy marker genes (Atrogin-1, TRIM63) and the upstream genes in their
signaling cascade were increased by simvastatin treatment. This indicated that simvastatin induced myogenic cell death and
muscle injury via protein degradation through muscle atrophy signaling. Further studies should focus on identifying the
mechanism by which simvastatin induces the protein degradation signaling pathway in quail muscle..

(Key words: quail muscle cell, simvastatin, muscle injury, expression pattern, qRT-PCR)

M E &4 5o QE EARelE 794 9= 713t (Baziz
et al., 1996; Zhang et al., 2011a).

ThE Aol 9o Ak T mAEe 03 P4 F =59 4 23 A2 TS 2 9 AF
shjolth 8j7]e] Be ATES Ed A AT = F=EolA BT el ofe o] " olegk Z&ol
AT 5e)7] Aol Be wdS 712oigth(Van et al, W AZABEA oS g5t Gl SN 25 AIE

=

1999). 18U} H 2ol o] 2 e A7 &33S v £ ) o] Y=o (Yaffe and Saxel, 1977; Antin and
% Wzle} 9B 3 ~Ey 2T olF] b2 Al Be 9 Ordahl, 1991), 7Fallr= wlF=]e] ZobAl Z(Myoblast)e]

o] YT glom, o|5e] JEE A 7telr] 93 B A S QM7 Al EF7F AFHEE 3L QITHKim et al, 2016;
& AFEo] A YckPan et al, 2019; Chen et al, Kim et al,, 2017). Y¥b8 o 2= 3§ A x| S243 E3lo
2021; Behboodi et al,, 2021). ]2l gF 9] % 8173e] Walz 7} = MRF(myogenic regulatory factors)ehal shi= 2848 <1}
Zo] ATgT RAo &9 Atk 7o A2 Al 7} S 9JsiA Lol drh(Hernandez-Herndndez et al., 2017).

23 olu]@K(Sejian et al, 2018; Mehaisen et al, 2019), =&  MRFE 47le] &M (MyoD, Myfs, Myogenin, MRF4)Z T-
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’do] Flo] 9l om(Miner and Wold, 1990; Buckingham and
Rigby, 2014), &5 5olA4Ql fxixte] g 243t <
g9 B35 ZH 3K Buckingham and Rigby, 2014).
Simvastatine statin A2 FER, XA FX]o] AAE
A8l, &5, Aolx2A, AT e tEe] AMSETE B
st 2Ed s, AF 9 AR dade SHsEHE
A wAYSZo|Y s & ¥ pleiotropic effect) ™|
AYUES B3l A4E# Al'e+ 7l gt Antonopoulos et al.,
2012; Tanaka et al., 2013). ©]2]3} o]F &2 UWtHogE= S
2 A% FHZ 9Pl Trkeke ke ZHzEE F
A& 24-3se " AF2EtH(Lansberg et al., 1995). 3+ o]
2]o = Simvastatine Al EFIQIY] A S oA sz, LAk
std o] e AaAA A5 7sS gk g A
JtHMiller et al., 2013; Silveira et al., 2013). T}l A3)
AT 2™ Simvastatine T @A £ 2 o} 3
&3 24, agx A2 BdoA 7 229 E4E A4t
ot B uE A tHKirmizis et al., 2010; Zhang et al., 2011b;
Xu et al,, 2012; La et al.,, 2013). 3FA|9F 222] $2d0)] glo]
AR 7S EFeta, I thE 22 = A
FA-8g Zegictn g4 Sl 7P &
o 2= WY, 7§, vl2lg Fol o, Aze FAg e
2E 45 59, 1 2% g9 571 5ol UrhBeard and
Edward, 2001). °]¥
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o
=
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oFLIr
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o X~
=45 &4 24
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(Otrocka-Domagata et al., 2018; Sanvee et al., 2019). & <1
T W2 ZoFA E(myoblast)?] QM7 A3l Simvastatin
A& st olF Bt 2K AEY &S =3l
t}. o] &, £4E QM7 M 2E E8ste] BARESH A
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1. M= iy 3 S22

QM7A| 2%(Quail muscle cell; American Type Culture
Collection, Manassas, VA, USA)= 10% fetal bovine
serum(FBS; Invitrogen, Carlsbad, CA, USA), 1% chicken
serum(Sigma-Aldrich, St. Louis, MO, USA), 1% antibiotic-
antimycotic(Invitrogen)E *33F Medium199(Sigma- Aldrich) Hl}
FAE olgall, 37C, % CO, =M  EjFE AT

Simvastatin Sigma-Aldricholl A TFull 3153 o1, A Z2A}el| A
AA g ol whe) Wag o] Baste] AEE sttt
QM7A| &= thekst 559 Simvastatin & 2|7} Hom,
Simvastatin %12]7} =35 & B2k wix| o] 24 71Ee] A%

iA1= A 7F = A

2. Annexin-V / Pi Staining

QM7AHIEE A 2] I AKNecrosis)2} AFE(Apoptosis)= 2+
o18}7] $18k] Annexin-V / Pi stainingS 5881tk QM7A]
X PBSE A5} 2™, 1 x Annexin binding bufferS *]2]
St o] &, 5 uLe] Alexa Fluor 488 Annexin-V(Thermo
Fisher Scientific, Wilmington, DE, USA)$} 1 puLe] 100 mg/mL
PI Aleks A7IsIdTh 1 & AlZES A2l 158 &<

T ol A wjdElon, FgdAn @ A7E A
shaieh o2 Zoalitt

3. RNA == % cDNA &4

QM7AM| oAl RNA %2 RNAiso Plus kit(Takara,
Japan)< ARgsle] ZFEJTE RNA FEL2 6 well 71E
200 uL2] RNAiso Plus reagentE % Il Plpetting= 55}+]
8] FolF The el 5% FAA AT 1 T 100
uLe] chloroforme ¥l 1527k 410]& & 204 1083
BAAZAT 2 T 4TellA 15831 12,000 pm & 4]
sl A5AS A} 1.5 mL FHO £7131, 250 pLe
isopropanol< 2l oj2] ¥ EE°] FUTh 1 & A 4T
oA 1083t 12,000 rpmo 2 YA RS AAsle] Aol
S wEla, 75%9] ethanol(DEPC-ethanol)S- 500 pLs ¥
THA] 4ol 583F 12,000 rpme 2 P4 E2l2 s
x|k A4 FE] T S-S W]l pelletS Ad2oA] Z+
Al ZAZ2AIZ1 F, RNase-free water 20 pLE HolA] Zo]a,
NanoDrop ND-1000 Spectrophotometer(Thermo Scientific,
Wilmington, DE, USA)E Al&3le] s=9 =5 QI3
T - 80Coll Eaatqirt.

cDNAS] AL 1% strand cDNA Synthesis Kit(Takara,
Japan) & AHESIR oM AlZAL T2 EZS wet S 71
Pttt WA RNAE 1 ug Y2 % oligo dT primer 1 1L,
dNTP 1 pL —18]3 Y X|:= DEPC-treated waterS A}-8-3}
of AA 10 pLE HEAKMixture 1 — A=A 10 uL).
Mixture 15 65Col|lA] 5E3F HX] F iceoll %4 Tk 1

= 5 x Buffer 4 uL, RNase inhibitor 0.5 pL, RTase 1 pL,
LA DEPC-treated waterS 215 th(Mixture 2 — Z 4|
20 pL). 30 ColA 108&3F BAIAIZL F, 50T A4 6053 ]
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gJale] HF2 08 cDNAS 53513t

4. Polymerase Chain Reaction(PCR) ¥ &7| Ad&

PCR %592 7} ¢cDNA 1 pL, primer(F+R) 2 pL, 10 x
buffer 2.5 uL, dNTP 2 pL, Taq 0.3 pL 22|32 D.W 17.2 L
& F 25 wL& ARgste] Zaskgith PCR 21 941 94T
oA 1027t W4 AI7]1aL, 94CollA 30%, Z7+2] annealing
XA 30%, 223 72°CAA 3022 o] FAF cycles
383] WHEslla, HFH R 72Tl 583 Algete] ¢
2314tk PCR AHEEL 1.5% agarose gelS ©]-83lo],
90VollA 5083t H7195S AAIBI ™, UV transilluminator

g Sa 2 gEEe Bl 2 2AN,

5. Quantitative Real-Time PCR(gRT-PCR)
FAAES] A ddge gelsty] 91814 BioRad
CFX-96(BioRad, Hercules, CA, USA)S AF8-3}9] real-time
PCRE Faaltt. Ao ALLEAY primere] A
Table 1914 R #fe} 2t} PCR ®HEES 2t A8
c¢DNA 2 pL, primer(Spmol/pL, F+R) 2 pL, 10 x buffer 2.5
uL, dNTP 1 pL, Taq 0.2 pL, SYBR Green(Bio-Rad,
Hercules, CA, USA) 1 pLoll D.W 16.3 yL= F7}ste] & 25
uLZE AF8-3}339 T} Real-time PCR Z71L, %4 94TCollA] 10
7 A7) AL, 94CollA] 302, Z} primer & annealing <
oA 30%, 283 72Tl 30372 40 cycleS HHE-3}
, ARAIEFO 2 65°CollA] 95C7IA] 523 0.5TCH F 583t

&

Table 1. Primer sets used in this study
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gt BE S AR T35 0
A3, 2 WHAACE = A e FEAe) Ct g
- GAPDH F317ke] Ct 3h) - tiz7(ebl fdakel Cr 3k
- GAPDH ¢2A=e] Ct 3hH1S ol &ate] fxate] AthA
W3 2k-S- A AFalI THLivak, 2001). FAAke] A ke 2
< A4zl 913l glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)Z % F7At& o] g3l3]th

melting curveE

A o D

1. 2% &4 KT £ 98t Simvastatin X2| =& HZS

2% Azel £4 24 9hs] A5 QMIQuail
Muscle Cell)l| Simvastating 2]t} A2 52 7]
2ol $4RE e F3) A9 ATE Fn o
(Ogura et al., 2007; Baba et al., 2008; Essid et al., 2019),
QM7 Al XM &3 = F e 4% =8 F4517] 9
slod thakel F%(100 nM, 250 nM, 500 nM, 750 nM, 1 uM,
2.5 uM, 5 uM, 7.5 uM, 10 uM)ZE Simvastatin= 3] 2] 5} t}
(Fig. 1). 2 A3}, Simvastatin®] 2] =7} F71| nfe}
AES AA QM7 Al R29] FE Hashe 43S BAthFig.
1A). 28} 750 nM 2] Simvastatine 7]F2.2 A2 F=7}

e 1 BT A% Aol felHow St
A e AL AT wg Ax] Fejaae W

£ Ay E—;}% o %, 250 nM2] Simvastatinol| A 5-E] A 2]

Primer name Primer sequence (5’ to 3 ") Tm (C) Product size (bp)
TRIM63-F GAT TTT TGG GGT GCA GAG AA 58 201
TRIM63-R CTG GGG AGT CAG GAT GAA AA - -
FBXO32-F GGC TGC TGT GGA AGA AAC TC 58 188
FBX032-R CCA AGA GAG GAT GTG GCA AT - -
SMAD2-F CAG AAA CGC AAC AGT GGA GA 58 174
SMAD2-R GGT GGG ATT TTG CAG ACA GT - -
SMAD3-F TGG CTC AGT CTG TGA ACC AG 60 190
SMAD3-R CCC ATC TGT GTG AGG ACC TT - -
FOXOI1-F AAG CCC CAG CTC TCA CAG TA 60 203
FOXO1-R TCT CTG AAA GGC TGG GAA GA - -
GAPDH-F GGA CAC TTC AAG GGC ACT GT 60 160

GAPDH-R

TCT CCA TGG TGG TGA AGA CA - -
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Fig. 1. Myotoxicity test in QM7 cells by Simvastatin stimulation. (A) Proliferation analysis of Simvastatin-treated QM7 myoblast
cells depending on various dose. (B) Morphology of QM7 cells treated with various concentration of Simvastatin. Scale bar: 100
um. Data are expressed as meantSD (n=3). Statistical significance was measured using one-way ANOVA. a, b, c, d, de, f —the
result of statistical analysis (one-way ANOVA Duncan test), values followed by the same letter in a Duncan grouping are not
significantly different, the subscript number and letter color are corresponding to the chart legend.

f£2yo] dojus AE 13t o, 750 nM2] Simvastatin
S W Az &43o] F43] dojvte= AE &
A cHFig. lB) o]& E3lo] 750 mMe| Simvastatin

swsl=g A ?slo}r/]—_ﬂ Htsled, o]

S Al A 1luMe] Slmvastatln-»] 2ol e EL
ol doju= A E18H tHOgura et al., 2007,
Essid et al., 2019).

2. Simvastatin X2|E& &%t MZE AFH(Apoptosis)
2 B|AH(Necrosis) HS
9 AFe Bot] 25 & 21E Fsh] {5t
Tl B2 Simvastating %] 2] S} THFig. 1). 18]aL o]
£ Bl HEAH o2 E 750 nM Q] Simvastatino] 2 &3 &
=UE gelelAtk(Fig. 2A). ©] & AAZ o2 Simvastatin

o] M7t A EZ AP IALE doF|=A] ER1E] ¢st]
Annexin V&} PI staining= <=8 3} tH(Fig. 2B). =L A3}, tff
Z o] H|3llA] Simvastating *]2]3F 15| A Annexin Vo}
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Simvastatin

Merge

Fig. 2. Simvastatin provoked myotoxicity on QM7 myoblast cells. (A) Morphology of QM7 cells after Simvastatin treatment. Scale
bar: 100 pm. (B) QM7 cells stained with Annexin V-FITC and PI after Simvastatin treatment.

=

[ 5 2 - fold change ©]/d 2ol Z713F AL &g 4=
AAT} o2 3t AF}= Simvastatin A 2|7} A @A o =
o] Apd 3 HALE st AYS WERHT, Statin Al1E 9
okEo] 59 Ak} AMES fEdthe AL on] B
o2 AFE 5ol & <A i (Westwood et al., 2005).
3 S22 AL gk A
TEo] A3PElo] ¢%O1KCho et al, 2008; Oliveira et al.,
2008), HF-2] AFEL Simvastatin®] F2}&-0 2 QA &
9] &4 2 FAfel digk AFEE FPH o] STHLevy et
al., 1992; Plerno et al., 1995; Evans and Rees, 2002).

o

Simvastatin®] 74 -0l &

3. Simvastatin M2l& S5t 22153 (Muscle Atrophy)

ME MY AH ES

Simvastatin A 2] & B3} 289 £Ato] 29 &=Zolgtn
st 25 Wl ThlE o] 3o oJsia doju=AlE IRls
7] #13ted, Simvastating *2]dF QM7 MEE L&}
qRT-PCRS =333} tH(Fig. 3). qRT-PCRE 9% nA
AR Atrogin-1(FBX032, F-Box Protein 32)Z} TRIM63
(MURFI1, Tripartite Motif Containing 63)° Wi3te] 4 &

<

{1

& 43315 thFig. 3A). L 23}, Simvastatin %] 2]l w2}
A Atrogin-1 FFAAF] 7 g-oll= < 3.58] = F71sk= A

< st om, TRIM632] Z9-ole <F 2ule] TUtEE
Holw Z9&5 dde] dojue A st 252
Al sl 7 & e o] AAFaoln, 25 w9
AL Aoy w3t T Tk ARl oJal] dojvh=t,
FoME THEHTE S5 DA &35 dodle F
Q1 % 3ho]lti(Kandarian and Jackman, 2006). <%
& Tt A RE Fote] dolu Het, dRkere
Glucocorticoid, Myostatin, Free fatty acids(FFAs), 12|l
Fote] 25Tl fredh ¢
@ Glucocorticoid, Myostatin, Free fatty acids(FFAs), Z12] 1L
ot 25T Asdg A=t
=59 Z}7} Glucocorticoid =83, SMAD2/3, NF-kBS
ZA3H 1 o|E B8l Atrogin-1, MURFI7} =50
AR BT 2359 Lo Bk o
al., 2001). ¥ AFEL QM7 A E9l| Simvastatine * 2] 5}
Simvastatin®] =& | D9de] BIE doA FHo &4
= F=dthe S & ATk FTHH R oj2id 29

o o [
(SPS

Inflammation cytokines&

Inflammation cytokines&
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Fig. 3. Transcriptional analysis of Atrogin-1, TRIM63 and their upstream signaling genes in QM7 cells after Simvastatin stimulation.
(A) The mRNA expression pattern of muscle atrophy marker genes (Atrogin-1, TRIM63), and (B) upstream genes of atrophy
signaling cascade (SMAD2, SMAD3, FOXOI). The mRNA expression levels were measured by real-time PCR. mRNA fold-change

stk

was normalized to GAPDH mRNA. *P<0.05, "P<0.01,

Z3o] ou gt 257

3171 flstel 29153 =

ol SMAD2/3, FOXOI 537}l thate] 2 W EA S 4=

e} tHFig 3B). 1 23}, Simvastatin 2] ol w2k SMAD2

7} 7H) olite] I FUE Holy AL Felslglon,
=]

SMAD3Z} FOX019] 739l oF 2vle] L7 S715 Hol
= AL ol SMAD29F SMAD32] 7350l = SMAD4
5.

o} A%ste] SMAD EEAE 743t Trulze] 3
StA71= S, Atrogin-13+ MURFI9] AANE FXAA ©
wael Bz dozittn d#A  UtHGoodman and
Hornberger, 2014). T3+ SMAD+ 1 A2 94 AlE] &
& AAAA 259 S At Aoz deA] Tt
(Aloysius et al., 2018; Farhang-Sardroodi and Wilkie, 2020).
°]& B3t Simvastatin®] A7} FOXx01¢] Td =AHS
g ZH Al 0 @Ee B35 2eh|E AR
SMAD 4lsdg H2E 53t 914 A2 A (satellite cell
quiescence) B 95T A TR THE FAAA 2
o] NS AASt] Z59] £ 2T Aolgke
22 dE F U8t B A= Simvastatine] X2 E
&3] WAUSEE FHsk7] gk AFteolH, A}
2 Zi=e Aty 228 Ao
HRIth o] 3T K] &4 WIAUEE olallsta, o
< =

AE olelist=dl 71224 FH

e
>
i
el
o

, Simvastatin, @37, @& A€l

P<0.001,

Hokokok

P<0.0001. by unpaired two-tailed student’s #-test.

4, GRT-PCR)

Al Ab

o] =EL 202UE AR ()0 AYow F=AT
Akl A P-s wrol FE 71 2ATFAIJ(No. 2022R11
1A1A01066235).
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