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Abstract

In this study, we aimed to develop a udrania tricuspidata silkworms fibroin protein leaf-fed
silkworm-derived functional protein hydrolysate (CSFP) and evaluate its protective effects
against dexamethasone-induced sarcopenia. We prepared the CSFP via enzymatic hydrolysis
using bromelain and alcalase, and assessed its biological activity both in vitro and in vivo.
In C2C12 myotubes, CSFP treatment significantly restored cell viability under dexametha-
sone-induced cytotoxic stress, indicating the cytoprotective effect of CSFP. n vivo, rats
subjected to dexamethasone-induced sarcopenia and fed a diet containing 10 % CSFP for
eight weeks exhibited significantly increased gastrocnemius muscle weight and grip strength
compared with those in the DEX group. Moreover, CSFP supplementation upregulated
muscle protein synthesis-related genes, including MyoD and myogenin. These results indi-
cate that CSFP retains potential anti-sarcopenic properties that attenuate muscle loss and
preserve muscle function, thereby supporting CSFP application as a functional protein-
based food ingredient in sarcopenia prevention and management in older adults.
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ME

THAaF(sarcopenia)E w3t THIASE 717k okE Fol G ot ¥’lol| osf Wtk
Agto s 571 2Eo] HAXA o= Fash= AHE ulsiH AlA| 7]s A5kt viEe] AHEo]
B £ oHll] ksi2 QI SASS 59 Ast, I A 571 oA A g3k 2
4] A Aot 5 iRt 94 das = o] 77 e SHoA F83 ZAE QA
AUTH2). E3] 117 1] F71 wet Zagel et AP B FAEAL 9low wR10) AFsiE
Ql LS FA 9 HREARl A7 412 ol L5 AAE el AAIH R Hsh= Aol
Z5Ao|tH3].

LokE QIR TASS 5 Thild o] ZhastHA T Eof7t EXIE o] 53 At
714351 =g] o= F& ybiquitin-proteasome system(UPS)i} Z-2 whid] Hal Az o] TAs)
9} o] QItH4l. 3l 28 A|Eo] 241}t Bolof] 2931 HARIARR] myoblast determination
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protein(MyoD)¥} myogenin 5 &= A4 24 91 Hmyogenic regulatory factors)?] =& 7
= 45 2 299 Aotz olojd 4= ItH5]. w25 dHd 93 EXIskal Tl Eaof
AAIG 4= Q= 718 AAY L2 AT o 9 A figt BakEel A Ao 2
ALt

71578 A4 FiL 2ofollA] TelEe] e/ Aoty SRS Eo)7] flof a4 T
7hEsl HPRo] EEL Qo). Tl VlEsl Aae dE T tigh Ad F9l(cleavage
site)7 AR HEER A= 340 R0 et 2T A/4ES] E4d0] #akE &= lth7l. aaF
o ZleeEele At B EE ARAL HEfo]E(peptide) = E5fiote] s FHAZIAL A
F 7S AT B op et TiEl] ASlESaE SV S UHB). ol et Aol B
st 257 9 29 VS B0 R VI Ale FE FEE Fe Uk £ FHE ARREY
yom A4S g Tl TeEsEe] et A A oR 3 Aol

T AA 7 EE A AT o 9 A0l ER2 £ & the dAE0] Bl
I} A& B0l 2 54 A Akt/Foxo3a ABAG HRE 2dste] A4S T 74
A1) I AAlotal TSR] BEES FIAF e Fol(silkworm) el T mTOR
e H=E SAslete] g AP TAASE JHARE uF ItH10,11]. 3, ol 2 o
A2 A0}F80] =1l B4 ofn|icAl flgo] Fhoto] Tl Fo = A9 S 7540l
AR IR glom RolE EA A5 o= AN AL YU 77 FE 4 el
R v} QIeH12]. FA¥(Cudrania tricuspidatayS BT Moraceae)ol] £3k= UY) 95
2 oot AR dS ERokr low B o e ko iR E 24y -
aminobutyric acid) 2] &2 Akt/mTOR A3AY F2E EAsloto] ZZE that 28|
291 &= vA 7ks4gdo] TH13L

A 2 Ao HAEUS Foig ol Bl 845 A2sie] Tlid TEiE A
ZNskaiA} sigiet ERh A - 9] AFE B9l A A7 24T JiAe] Bl
kel 2AaF o 9 /WS 2R A7 ISAE AAEAL] B8 TS "] Sl %
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1. Cudrania tricuspidata silkworms fibroin protein2| H|Z=

Cudrania tricuspidata silkworms fibroin protein(CSFP)9] A|ZE 9l @&FEZA|(Korea)
ol HAE: roll o= FFHo ARSI FARE ol BH9] S0l 20%7} HEs SRS
A75lo] pHE 7.002 274%t § T 7ol @491 bromelain 1.5%2} alcalase 0.5%% A7}
Stod 50ToA SAIRE 51t 7Eslistaitt. ol Aol S E84dslshr] flste] 100TAAl
1582 74 A9ela, A 55 = AR F &5 7xsto] CSFPE AlZRsHeir

2. MIEHHQ¥

Agof AFRE C2C12 AIEE uhes ZZAZ A EZF(mouse skeletal muscle cell line)=
American Type Culture Collection(Manassas, USA)Z5-E] Hofgto} AR&3ITt, C2C12 Al
+= 10% fetal bovine serum(FBS; GenDEPOT, USA) ¥ 1% penicillin-streptomycin(Gibco,
USA)o] 71l Dulbecco’s modified Eagle’s medium(DMEM; GenDPOT)& AR&5to] 37T,
5% CO, Z710] FAIE= vig7ollA HiFstitt. Cell culture flask®] BiEo]l A7} 345] vieF
=9 phosphate buffered saline(Gibco) 22 Agt & 0.25% trypsin-EDTA(Thermo Fisher
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Scientific, USAYE A2lsto] 37C7F FAI=k= vik7 o)A 287 ¥h-SAIA NS 2 F. olF
MZE 1:39] vjg2 Edslo] A2-2 cell culture disholl 271 H 37C, 5% CO, $730] SA==
HjF]of| A wijFste] Ado] ARSsITt. ESE C2C12 AlEQ FHAE(myotube) 29| £31E F&
3F7] Y3l 2% horse serum(GenDEPOT)?] A7 DMEM HiAE ARE513ct

3. ME =8 =4

A ERS(dexamethasone) AE]o] Q5] R-=% C2C12 Al £AF0 2 HE CSFP] AL B
a9E grisly] Ysl, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) 718& o83l AE B2 =45t C2C12 MEE 24-well plated] 1x10*
cells/mLe] =2 B35 5 37C, 5% CO, 70| FA=l= vig7|ollA] 244171 &<t vigst it
o]& Z} welloll 100 M2 GiAERET} CSFPE 5=E(5, 10, 25, 50, 100, 250, 500 pxg/mL)E
A2t & FUGE 2704 24A17E B2t HiFSISITE. 1 tha 7t wellol] 2.5 ug/mLe] MTT A%k
1 mlA AZstal 37C, 5% CO, AN 3AIE B3 BEGAIRH:. ¥ S5 & TS AlAskL
Z} wellol]l 1 mL9 dimethyl sulfoxide® 715t AAE formazan A& S3A1Z1 & 570
nmolA SBEE 2751%th 3%+ MMR SPARK(Tecan, Switzerland) o]-&3to 243514
o A& F2g2 29 FFkol gt WE-g= YeRfoit

4, HESE

TEATEL ASTEH SEITIYSY 591 wWol AFEE gt &2 Ao S
ATHSYUIACUC 2023-021). =T MElF (Korea)Z5E| 32012 9] 4271 Sprague-Dawely
ratsg £ ol A8 om AtEs FEHRo| QE|(Korea)ollA] FgF5ot ARESIGITE. AEEES
2HQJIEA Alo|A|F 3 uhe]y FARQ)R HiAJstH o 2 22+1T, &Sk 50+10%, 12417 ¥
717} Ao fAlEle As st A5 EATE (Korea)oll A ARSI 15:U7He] &8 717F
S AR & APF9 2AATE folr] Holl RS AlLfet BE Aol 2.25 mg/kg 5=
GApERES 3U7H B W Footgit). o] 2 A2 ti2F, DEX, CSFP(5%) E+ CSFP(10%)
5 4709 HEjtog ERFoto] F 857t M=k thRd DEX A AlG-93G B AlR
(Envigo, USA)E 3231310™ CSFP(5%) X CSFP(10%) HET-e 5Udt Alg RAS 7|Htog
i T3S CSFPE tiAste] Alxs AlRS TE5I3tHTable 1).

I oy £

Ay F5 3 AFFHE CO, 7IAR ulFAIA EASH F HlE-Xgastrocnemius muscle)T}
A& Xtibialis anterior muscle)& Z&3to] FAE S4519t. 2 (grip strength) 274 48
AEF9] o 22 Hrleke WHOR Grip strength meter(Bioseb, France)S ©]-85}o]
otoict. AAF7F T-barg A A3t 5§ Z2E 2 cm/s9 £E& 3A I4EE S4s19eH
33] HkEsio] E73 HetgkE 2H=E ARSI

A

o
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$
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6. RNA £& 3 AR Zeied G 1S

ZF ARled ol oy 2 Eef e QAe] mRNA HE Hs 2451 flste] AdFY
HIELO 25 E RNAE FE0130th RNA &0 a3 A5 Sigma-Aldrich(USA)oA <
31ck. Trizol 1 mLe} 100 mg®] 22 374 F43ket % chloroform 200 412 H71ste] E3
sttt 1 ok YAEEsto] 343t A5 Mol isopropanol 500 xLE F7Fskal, 1084 d=ol
JZtsto] RNAS JAAZH J4E RNAS AlA $ Maxima First Strand ¢cDNA Synthesis Kit
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Table 1. Composition of experimental diets administered to control and treatment groups over the
8-week intervention period

Ingredient Group”

(9/kg) Control DEX DEX+CSFP 5%  DEX+CSFP 10%
Casein 200.00 200.00 177.63 155.26
L-Cystine 3 3 3 3

Corn starch 397.486 397.486 369.856 342.226
Maltodextrin 132 132 132 132
Sucrose 100 100 100 100
Soybean oil 70 70 70 70
Cellulose 50 50 50 50
Mineral mix 35 35 35 35
Vitamin mix 10 10 10 10
Choline bitartrate 25 25 25 25

TBHQ 0.014 0.014 0.014 0.014
CSFP NA NA 50 100

Total 1,000 1,000 1,000 1,000

" Control: normal diet; DEX: dexamethasone+normal diet; DEX+CSFP 5%: dexamethasone+CSFP 5%
diet; DEX+CSFP 10%: dexamethasone+CSFP 10% diet.

CSFP, Cudrania tricuspidata silkworms fibroin protein.

NA, not applicable.

for RT-qPCR(Thermo Fisher Scientific)E o285t AZAI] R|&of w2} cDNAS 4519t
A7 Fga4 A2 9E{real-time polymerase chain reaction, RT-PCR)}& $=33}7] <3|
SYBR green qPCR High-ROX PreMIX(Enzynomics, Korea)?} Zeto|H(Bioneer, Korea)s
ARgaom meto]m o] A7|AFL thaat 2tk f-actin(forward, TAT CGG CAA TGA GCG
GTT CC; reverse, AGC ACT GTG TTG GCA TAG AGG), MyoD(forward, ACT ACA GCG
GCG ACT CAG AC; reverse, ACT GTA GTA GGC GGC GTC GT), myogenin(forward, TGA
ATG CAA CTC CCA CAG C; reverse, CAG ACA TAT CCT CC ACC GTG), MuRF-1(forward,
ATC ACT CAG GAG CAG GAG GA, reverse, CTT GGC ACT CAA GAG GAA GG),
atrogin-1(forward, AGC TTG TGC GAT GTT ACC A; reverse, GGT GAA AGT GAG ACG
GAG CA). RT-PCR ¥F392 SYBR green qPCR High-ROX PreMIX 10 gL, forward Zeto|¥
1 pL, reverse Z&to|H 1 ul, DNase-free water 6 L, cDNA 2 pL2 74519921, DTprime
5(DNA-Technology, Russia)& ©|-&3] RT-PCRS 351t} 27| WA (Initial denaturation)
A= 95CoIA 1087 F35t9oH o] 95CollA 103 WA, 60ColA 20% &<t 2%
(annealing), 72TCollA 3021t Al extension)ol= TS 403] BHEoklch 2 A2l 7F 44
ol mRNA W pdela deia O upio. o] 23510] AASIQICE

7. SAEN

BE BA BEAL PASW Statistics 18 Z=Z13(SPSS, USA)S o]-83f 4345190 Agre
B+ REAE HASIGICE ZF A =] et SAA FoA AL Student's test Ei=
one-way ANOVAS 0|83 £33l 1 AEAA 0 2= Tukey's HSD test2 AA|51 00 SA4|Z
3L p<0.05 oA 2AsHIT.
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1. CSFP(Cudlrania tricuspidata silkworms fibroin protein)e| MEHS T}

CSFP] Al 25 a3 BRI5H] 93 C2C12 Aol 100 xM 52 EHERSS #]s]o]
Al &2 =3 & CSFPE 97 Aslo] Al AJEe9] Hals S46I3irkFig. 1). GApER:
T AEFollA= Al BEE0] 56.86%% FH R A4S ot CSFPE 250 pg/mL ©139]
LrE At A AE PEELS 103.32%115.57%71K] {9J5HA Z71519tHp<0.05). &4
glucocorticoid$l GAMER=S C2C12 A|2E9] thild 333 AstaL UPS AZRE B3t T
BEIE A7) 2R sarcopenia®} TAH AToA C2C12 MEES £4A1717] Yol AL EE &
olti{14]. £ AolMm HAMERX100 M) Aol 9Jsl] C2C12 A29] AEgo] FhAsto] Al
I &Ao] gF o K SS FRISIY, 250 pg/ml oMe] s CSFPE A3t 4¢-
&4 C2C12 AIE9] g0l R o= slEEQlt). ofi= CSFP7F YAt ek o5 f=H
S0 ZRE C2C12 MRS o BST 4= Q& 7160] Y-S HojErt ogst Zxk=
AT EE| W (spiruling), ol B3, E= 484 i 5 I8 il [ 7154 AAE]
C2C12 AIZ9] FEEE T7HIFIAY Bl SX18t e A1t AR A3k ERItH15,16].
E3] 2nEgy 49 9l RS Akt/Foxo3a Ale ARE 59 9% B 5%
(Atrogin-1, MuRF-1)9] &&& oAlety, TAIE B2 F7MAZIck Bag vh QcH17].
CSFP 9A] FARRE AEidg eo|=g dastal g 7FsAdol 9lom, ol AJ&o] AMPK,
PI3K/Akt, T Foxo3a 420 2:83l0] AE W AEHAZ JAlaL A2 A58 FEHE 7Fs
o] Qlck. tht E dLof|A CSFPO NZES 7]1HS BA} 204 A¥Aog s Uok
7] Wi&2o] FF AMPK, PI3K/Akt, T Foxo3a 52| ATdgZo| izt 271491 714 A7}
9 gsjrt.

iy

2. HIEZ R HEEZ FA

CSFPE AJFfet Aoi79] HlE 4 W85 7S 4% 2¥= Fig. 29 2ot ddee
Al 2 AR Zhe] 791 Ql AfolE HolA] okt whd, CSFP(10%)7F A7k Ak AFist
A9 BET A= DEX A2ldt Hlaste] ol S71oke P EATHp<0.05). HIED
& AYFY sk 2 o] Sl P F8T £ 2HCR WS Hmedial head) % 95F

60 -

Cell viability (%)
[+
o

S
(=]
1

20 4

0 -
CSFP(ug/ml) Control 0 5 10 25 50 100 250 500
DEX(100pM) - + + + + + + + +

Fig. 1. Protective effect of CSFP on dexamethasone-Induced cytotoxicity in C2C12 cells. *° Data
are presented as mean+SEM. Different lefters above the bars are significantly different by one-way
ANOVA with Tukey's HSD test (p<0.05). CSFP, Cudrania tricuspidata silkworms fibroin protein.
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Gastrocnemius muscle (g)

(A)

Tibialis anterior (g)
w

1 4
0 4

Control DEX DEX+CSFP(5%) DEX+CSFP(10%) Control DEX+CSFP(5% DEX+CSFP(10%

Fig. 2. Muscle tissue weight in rats. Data are presented as mean+SEM. Data were analyzed using Student’s t-test (* p<0.05) compared
to DEX group. (A) Gastrocnemius muscle, (B) Tibialis anterior. DEX, dexamethasone (2.25 mg/kg, intraperitoneal injection)+control diet; DEX+
CSFP, dexamethasone (2.25 mglkg, intraperitoneal injection)+CSFP(5% or 10%) diet. CSFP, Cudrania tricuspidata silkworms fibroin protein.
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(lateral head)9] & FEo7 TAEM W3 W woF A] AP A|lgslal 5129 P4 §A]
q 27 gslo] £Q31 7152 SHIICH18]. S H[ELL 244G 439 By} i)
2 A7t m’ﬂg}‘ﬂ LA AL BrtsHAY ok 9 99 s A
FEoE d7| EE rH19l. 53], BIELE B A] A&AR] FolE vl A8 259 5
B 25ol2hA Eﬂf‘}ﬂ [l AdiE o= 7] wie] Y4 E A Edo] &5l niAl=
BIE B7IsE7]o ARt 22o[tH20]. & AtollA TRd a%"i 10% CSFP7} 371 AlmE
AFHE ARFEE vIELY FAPE Rt S71sklt o= sEARE W CSFPY A7t 5%
Al AR YA P = Stk 7Hs/dE BolFH CSFP7t A7+ 9 Bopr) & 4 18]
59 B30 - Y 4= Ql5-Z AR R Atolli= CSFPe| &44as /i 83t 24
oA ] o] BE Y W Hofl T Al A =2o] tigh 24o] gtE kRt
=5 Fof 2709 ¥hE/gE Hlwre RN CSFP7t 52] A4 2 f-Alo) m|A= FaFol gt
718E Hes| S 287t Slch

3. oy =X
gapERbe 2 2ASe FE AAFE dhdez CSFPe AF A9 28 vjAle
TS BRI ‘:KFlg 3). 857t T=AY T= 5 AHF oS 73 A3t CSFPG%) A2

-2 DEX A2}9] ot £4x|9} Hlwsto] §ofgt XjolE HolR] gIgkont CSFP(10%) A eltellA]
£ o] oo FTlok= AAFe UERITHp<0.05). HIE CSFP(5%) Azl &8 7i4dol
5 37 UeRA] gigtout CSFP(10%) Aeltelxl= &8 7ol §o14Ql 2t vephd
A& & 1 9 = o] CSFP AFe= TASoR QIsh &8 Aslke Hsidt = A3 AARE
o} ERQL CSFP(10%) At o2yt opzt HiEd AL foHog F7sloinh HlEI

Pt 5 7150l HAA S ol A 8ol =2 50 = I UtH21]. wEbA
CSFPY] Ty 7heiaf JEo| 283 I7iet 28 fAlol| 719 5= lths 71Ms/3E Eoj5

]_
S GRS ZUsKe ATHS Ao F8YL 7R AR oF Sol, mTOR H2E
B3 T Y S0 ole] w2 2gago] A bt AR 1ed 4 ArH22). E,
AT U2 Hefo]=g 4et 19 AN mTOR AT A7 PAsEo] 27125
2 w0 AN HusEc23l
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560 -

558 -
556 -
554
552 -
550 A

Control DEX+CSFP(5% DEX+CSFP(10%

Grip strength (g)

Fig. 3. Grip strength test in rats fed control and experimental diets. Data are presented as
mean+SEM. Data were analyzed using Student's t-test (* p<0.05) compared to DEX group. DEX,
dexamethasone (2.25 mglkg, intraperitoneal injection)+control diet; DEX+CSFP, dexamethasone
(2.25 mglkg, intraperitoneal injection)+CSFP(5% or 10%) diet. CSFP, Cudrania tricuspidata silkworms
fibroin protein.

4. 25 Y ¥ o X[l mRNA &

MuRF-13 atrogin-1< &5 ©fd Baje} 9 Qlxtols MyoD} myogenine 5 Tl
3 Mgt R QIRE G AU CSFPY 57 45 o 34 E =off T QIR mRNA
Hdo] mX= GRS BrIsh] fste] Z QA mRNA HaZs S5 thFig. 4). 1 23
MuRF-1 ¥ atrogin-12] mRNA T&Z-2 AT 710l {2131 Zol& YephA] Aottt v,
MyoD2] mRNA &2 DEX+CSFP(10%) A2]ollA 180.06%= J7FoF¥2™ myogenin®]
mRNA &2 DEX+CSFP(10%) A&l 403.45%& S7F5t9itt. o= DEX A2lie] MyoD
2 myogenin mRNA L&EZHQI 65.62%, 73.23%%} B|w3lo] =& 4=2jo|n] EA12 07 8917 9]
ApolE HUTHp<0.05). o5 A|E9] 413} Hslof] #ofsl= MyoD, myogenin, myogenic factor
5 % muscle specific regulatory factor 4 59 &5 A4 28 A myogenic regulatory
factors)= :L% Ao} A1} ot ARl AetS i LoM S ITA|EE ESAA 24
< e =T 4 24l 53], MyoD9F myogening 4 e B4 &3l =429
i O}Uﬂ [25], GAtHEREL. o33t 294 ESHmyogenic differentiation)ol] Toisk= &
5 A 24 QA TS Ak AR ABA 310m™[26,27], GARHERE] ofsf A0l
Y 25 A4 24 A F MyoD % myogenin 52 A+ TEo] ZaE 4 lHal Bl
E|ATH28]. wh=hA] CSFP2 GAMERE A=jo]l ofsf 248 MyoD 3 myogenin®] 312+ Hew
S ZVMA 2AASS AR = Qi Ao 2AFEC ShH, B A= CSFP AF wE
myogenin ¥ MyoD mRNA H& 3712] A& 7|5 45k %"Z Il 7ﬂ]7} ek 18y A9
Ao W= ol2fgt Wd IV Akl 43l #Rlo] I A FAEH29]. Akt=
serine/threonine kinase@A Tl M AZE Zdsto] 485 TX i‘ ‘1‘3}‘; e by 11
EJ3k= MyoD ¥ myogenin®] mRNA H&S S7HIA &5 A0l 71T &= Q= Ao s U
A ATH30,311.

s
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600 -
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400 A

300 A
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MyoD (%of control)
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300 A

200 A

MurF-1 (%of control)

(A)

600 ~

wu

o

o
Il

N

o

o
1

200 4

Myogenin (%of control)
w
(e)
o
1

—_

o

o
1

DEX DEX+CSFP(5%) DEX+CSFP(10%) DEX DEX+CSFP(5%) DEX+CSFP(10%)

C)

()
600 -

500 A
400 A
300 A

200 A

Atrogin-1 (%of control)

100 4

DEX DEX+CSFP(5%) DEX+CSFP(10%) DEX DEX+CSFP(5%) DEX+CSFP(10%)

Fig. 4. Expression levels of mRNA related to muscle protein synthesis and degradation in gastrocnemius muscle tissue of rats. (A) MyoD,
(B) Myogenin, (C) MuRF-1, (D) Atrogin-1. Data are presented as meantSEM. Data were analyzed using Student's t-test (* p<0.05) compared
to DEX group. DEX, dexamethasone (2.25 mglkg, intraperitoneal injection)+control diet; DEX+CSFP, dexamethasone (2.25 mg/kg, intraperitoneal
injection)+CSFP(5% or 10%) diet. MyoD, myoblast determination protein; MuRF-1, muscle RING finger-1. CSFP, Cudrania tricuspidata
silkworms fibroin protein.
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& AFolA= CSFP7t dAtElEC & RicEl &40 2 E C2C12 AZE Hosks avE &
st es GAMERE APz Taago] i s Zdolx CSFP7F 24T 7iAldl vixle
& B7FIAH. AlE EollA CSFPe gatEREe] QIeh C2C12 Al29] &g avfaos
gofsto] Al AEES FAF R S7MFeH SN s B U= 10% CSFP7t

ToRt 22 ket &5 715 ol Wl 80 A 3 w2 2202 YA
b BB A9 Z7k= CSFP7F 28 2 28 fAlo] 278390 e v 4 oS 9
Shc} 8 o S R ARt W B0 E CSFP(10%) A=latold &% A4 24 A&
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