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Extended Abstract

Background and Aim: Non-alcoholic fatty liver disease (NAFLD) is an acquired
metabolic disorder characterized by the accumulation of triglycerides in the liver,
resulting from causes other than alcohol consumption. Exercise has been shown to not
only reduce liver inflammation but also enhances mitochondrial biogenesis, improving
morphological dynamics and regeneration rates through biogenesis and mitophagy.
In addition , insect-based supplements, such as mealworms, have demonstrated
strong immunostimulatory, anticancer, antidiabetic, and antioxidant properties.
This supplement, rich in protein, has been reported to exhibit anti-obesity effects by
activating peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
10). Furthermore, it has been shown to effectively reduce weight and fat mass by
influencing the expression of genes involved in fat metabolism. Therefore, the present
study aimed to investigate the combined effect of mealworm protein supplementation
and aerobic exercise on the expression of genes associated with mitochondrial
biogenesis—including PGC-10Q., uncoupling protein 1 (UCP1), mitofusin 1 (Mfn1), and
dynamin-related protein 1 (Drp1)—in the soleus muscle tissue of rats with NAFLD.
Materials and Methods: In this experimental study, 25 male Wistar rats were divided
into five equal groups including: 1- healthy, 2- patient, 3- patient+supplement, 4-
patient+exercise, 5- patient+supplement+exercise. The sick groups developed NAFLD
with high fat and cholesterol diet. The exercise protocol consisted of interval endurance

exercise was performed for eight weeks, involving treadmill running for 30 minutes per
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session, five days per week with gradual overload. Mealworm protein supplement was administered via oral gavage at a dose of
20 mg/kg body weight on the same days as exercise sessions.

Tissue sampling of the soleus muscle was performed 48 hours after the last exercise and supplement session. The animals were
anesthetized with intraperitoneal injections of Ketamine and Xylazine, and the soleus muscle tissue was immediately collected.
Each tissue sample was placed in a microtube containing liquid nitrogen and stored at -80°C until gene expression analysis.
Total RNA was extracted using the RNX-Plus method, and RNA purity and concentration were determined by spectrophotometry
and confirmed by Agarose gel electrophoresis. The mRNA sequences of target genes (PGC-10,, UCP1, Mfn1, and Drp1) were
obtained from the NCBI database. Primer sequences were designed using AllellD software and validated for specificity using
BLAST analysis.

Data were analyzed using independent t-tests and two-way ANOVA, with the significance level set at p< 0.05.

Results: The independent t-test results revealed that in the diseased group, the expression of PGC-10, UCP1, and Mfn1
genes significantly decreased compared to the healthy group, while the expression of Drp1 significantly increased (p=0.0001).
According to the two-way ANOVA (Table 1) and Bonferroni tests, aerobic exercise significantly increased the expression of
PGC-1a (p=0.0001), UCP1 (p=0.0001), and Mfn1 (p=0.0001), while significantly decreased the expression of Drp1 (p=0.0001)
in the soleus muscle tissue of rats with NAFLD. Additionally, statistical findings revealed that mealworm protein supplementation
significantly increased the expression of UCP1 (p=0.0001), PGC-1a (p=0.0001), and Mfn1 (p=0.0001), while significantly
decreased the expression of Drp1 (p=0.0001) in the soleus muscle tissue of rats with NAFLD. However, the two-way ANOVA
(Table 1) and Bonferroni tests, showed that the combination of aerobic exercise and mealworm protein supplementation did not
have a significant effect on the expression of UCP1 (p=0.53), PGC-1a (p=0.36), or Drp1 (p=0.88) in the soleus muscle tissue
of rats with NAFLD. Nevertheless, the simultaneous intervention of aerobic exercise and mealworm protein supplementation

significantly increased the expression of Mfn1 (p=0.0001) in the soleus muscle tissue of rats with NAFLD.

Table 1. Results of two-way ANOVA comparing relative gene expression changes in the study groups

Source of Variation MeantSD F P Partial n?
. 15.24+8.82
Exercise 87.65 0.0001* 0.84
14.88+3.60
Supplement 79.81 0.0001** 0.83
. 26.58+4.11
Supplement+Exercise 0.88 0.36 0.05
. 6.68+0.94
Exercise 108.19 0.0001* 0.87
8.99+1.43
Supplement 221.80 0.0001** 0.93
X 14.03+1.53
Supplement+Exercise 0.39 0.53 0.02
. 5.20+0.42
Exercise 564.68 0.0001* 0.97
4.56+0.08
Supplement 374.63 0.0001** 0.95
X 7.17+0.46
Supplement+Exercise 32.05 0.0001*** 0.66
. 0.62+0.10
Exercise 104.20 0.0001* 0.86
0/61+0.07
Supplement 109.00 0.0001** 0.87
X 0.25+0.06
Supplement+Exercise 0.02 0.88 0.001

*Significant effect of aerobic exercise on gene expression. **Significant effect of supplement on gene expression.

***Significant interaction effect; p<0.05. PCG-10: Peroxisome proliferator-activated receptor-gamma coactivator; (UCP1):
uncoupling protein 1; (Mfn1): Mitofusin 1; Drp1: Dynamin-related protein 1.
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Conclusion: The findings of this study demonstrate that both intermittent aerobic exercise and mealworm protein supplementation
independently led to a significant upregulation of key genes involved in mitochondrial biogenesis—namely PGC-1a,, UCP1, and
Mfn1—in the soleus muscle of rats with NAFLD. Concurrently, these interventions resulted in a marked downregulation of Drp1,
a gene associated with excessive mitochondrial fission and cellular apoptosis. These gene expression changes reflect improved
mitochondrial function, enhanced fatty acid oxidation capacity, and reduced oxidative stress in muscle tissue—all of which
are critical factors in the management and potential reversal of NAFLD. Notably, the interaction effect between exercise and
supplementation was significant only for Mfn1 expression, suggesting a synergistic role in promoting mitochondrial fusion and
stabilizing mitochondrial membrane potential. This may contribute to reduced apoptosis and improved mitochondrial dynamics
under pathological conditions. Given the pivotal roles of the investigated genes in lipid metabolism, metabolic flexibility,
and cellular homeostasis, the results suggest that both aerobic exercise and mealworm protein supplementation represent
promising non-pharmacological strategies for mitigating NAFLD. Furthermore, considering the antioxidant, anti-obesity, and
metabolic regulatory properties of mealworm supplementation, along with the well-established benefits of aerobic exercise in
enhancing mitochondrial performance and reducing inflammation, the combination of these two interventions may offer a novel
and multifaceted therapeutic approach for metabolic disorders such as NAFLD. However, further research is recommended—
particularly in advanced animal models and clinical trials involving individuals with obesity or type 2 diabetes who are at risk for
NAFLD.

Keywords: Aerobic exercise, Mealworm, Mitochondrial biogenesis, Fatty liver.

Hical Considerations: Ethical approval was obtained from the Ethics Committee of Islamic Azad University, Karaj Branch (Code:
IR.IAU.K.REC.1403.029).

Funding: The costs of the study were borne by the researcher.

Conflict of Interest: No conflicts of interest declared.




9399 38 (S P eds (68 y il Olilan 4 yis

YF-F1 Lo &% oslad ¥ 0598 I FF

b, Alio

i alae )0 b gie S5 B ol 2 il 2o b 3)T )5 )l JeSo lojon Sl

Sl C 2 S 4 Mo (il b 9o

"ot b 0158 T BT Ly 3 T (cmn ) L e 50 e

LR /A TAL S FOR P P AR/ANERCS S Y BT

oS
slgs ol ssls e b 9T S (it n boSe plasan ;U i ol 3 i Bad g aine
~Sz oS Jladen Ll g5 (ST Lawgs oot JLab oot S ol (b jasS gie 350m 50 B
Ay So- oty g (M) 5 dain gla gy (UCPT) Sh-au il Cdn oy 25g, (PGCIQ) Lall
52 (NAFLD) ISl oy oS 4 Mt (ol e slafige (xi aLac ,o (Drp1) o—oliss a4y
09,5 g 4 iy 3135 5 (o g s YO ()25 adlllan (] 50 1GR9 0 S
A B (5 yo o JaSe oyl g o8 o (oS Lo gl eIl 05,5 ot (s5lne
0990 Jolt (gl (lge s a3 WAL NAFLD JLzrs JgyiadS 5 p2 (138 oy b Sl 09,5
Sl Do Ay o om0 )L a8lal Lol am 4 san 40§, iy g ai o Ve Due ay o), 5 e (g9,
509 sLiey Ly alita o (3 prSokeSTe S oo Yo 590 L 01 0,87 JoSKa 3lolS s plol ain
et i 5 %05 ()3 Sl syl sl (53T oy el FA ol 9 25,5 50
sloools o8 8 &5 o Real-Time PCR by, Ly Les aLiac ;o Drp1 g Mfn1 UCP1 <PGC1QL slayj
Sl e gl jo (ke 90 uibly Sl g Jii e t 5 5Lol slagygasl 3l ool Ly i
ol 5 sialS |, Min1 5 UCP1 PGC10L 5Ly {NAFLD a4y Sl ilbaidly .aso s | doxigay jo p<-/+ 0
Gl A e ol an a1 )T 6,8 eSe 5 (o yad (p=+/+ V) ols insldl aLliac s |, Drpt
Drpt oyl s —ixa LialS g (p=+/++ V) M1 g (p=+/++ 1) UCP1 «(p=+/+ + 1) PGCIQ L jls o—ixe
M isl53l 5o i JoSe 5 (s o3 (odolad 31 5 93 NAFLD asy St sLdSige ;5 (p=+/++ 1)
a plaS e 0, 0,8 JeSe 5 (g3la (m pol Sy o LS Ay g S ATS 05y o txe (=200 Y)
pdglie Jas g (6,90 e 550 50 s Loy (B n Ol 53 Ste Sl sbonl by (ke

oz S b )iS s Fse ¢ 0] 055 JaSe wsilgn (e 1gualS sae3ls

PP/ RIYS (bl 3 g g6

aJlio leMb!
09,5 (650 (gem—ails )

@S a=ly (s Sidnid
u‘H‘ ‘C)J sso)l—w‘ é‘j ol il
(2339 S99 b 09,5 Lails Y
‘LSAM—"‘" Q‘j o _isls ‘C)J .x_>15
(039 ST b 09,5 lboliwl Y
‘LSAM—"‘" Q‘j o _isls ‘C)J .x_>15

(o ON g (yol
TS a2y (R )s S 095
o=l g =S el ol3T oS ils

1Sig S Sy

arrahimi@kiau.ac.ir

LR

W’



https://orcid.org/0009-0004-3399-4395
https://orcid.org/0000-0003-1847-9745
https://orcid.org/0000-0001-6593-9359
https://orcid.org/0000-0003-0877-1566

0% 955 dous

AS (6 Fol> e NAFLD (sl ope b Jale S,
098l Hoboay 5 sl oy )z e ilie S9pe Lo 1

(0) 323 oo Hials |, NAFLD cé, iy
L S g Sieshiee 50 St 3
Lo orsd Byl Sedl s g o Sgmen )b
Dy o s (GTPase) " 5blaud (5,5 o jeilsS itz
—dyed 35S 5 Sy (M) (y5e byt Loty
S—meFan SR 3l g Sl La S e
s L s e slaytig 51 (Dp1) M opalins a aly
5 oS gee o, Slas Psl E el NAFLD 5l J—ol>
Al s 4y oo Drpt g rolidla S alesls lis
60 S gino 0, Slae o Pzl g (6,0 S g o 3 i
) )9S 5 95l e g Sl | (550 S e gLl
A S Gl oa—i ools QL..M; ..))L) ‘QJL»J).& r:‘..\.c =559
So—t |y 59 sl pdate ()9 05 g o S SJlad
S5 el by wlgi oo LS 4 ()9 () 355
00 (5 ,0S gine jGem Cemgdl Cel aSL wpy roals |
i Gk 3l el S 5 (59988550 (b
O ol dae Cede a5 olo HLas YeYY Jlu jo glasdlae

1. Non-alcoholic fatty liver disease co-activator- 1 alpha
2. Non-alcoholic steatohepatitis 4. Uncoupling protein-1

3. Peroxisome proliferator-activated receptor 5. Fission & Fusion

e b 32 G3leB o 03 b 0,1 045 (55L JoSo slojes pSU

doddo
&l S ((NAFLD) ' ISUl e Oy > 0 S (g, ew

ol 35 5m Sl JSUI G ymn ) it g o 4
(ool e 099 95 Calid gl o Cnglie L (5 o
aalei (V) el ol yman STglin pyaiw o YU 95 LS
@ Lz Jslge 5l S 5 a5 o o lis L

T gad GlannSTy gla, ]

‘LSJ \ Yﬁ‘*““a e
D alaz ) cilises sla S g5l o b 5 Lavg oS gie
J._Sij NAFLD ;«SJ_MM; 9 dAr—wgd jO o0 u»._m le_.w
5y Shae 15 P ol qs,0iS sie slns,lwal (V)
ol (oS i alS g g, xSl il o, o
S o0 SaS 60 o Jolw ;o om0y mezd A oy
03,5 oS Jlad p (V) 555 oo (NASH) ¥ IS 2
] ‘L’_fﬁj u—‘*ﬂ)’ J—&&J d..JJ.E )| 03— JL.’.S 5
A aS Sl gy 00iiS L o S (PGC-10Q1)
(& =S gin 8, Slas g 33593 Lol 0o S ot lee
Lot s 5 sl S (e 5 4 Lo
o —cdl 0 PGC1Q 0 oo pogs o Jlad y5uS]
Ol Dol an (dsul wdlae ol YU (65,1 slasls
Pzl an e PGC1AL pdats jo PLasl (F) 09— o0
4o 4S5 0gbios ()7 pdlie 9 (60T e 0 Slas o
b il3El a8 aies o lits Slalllas 3 s L,
S oS Gibsre olgll ialS 5 S dsslie g,y cillal
S el ol JO PGC-10L ooz il ooimos L
aS oS JLad 1) (UCP-1) T Somoais C> (g alos
peas a4 Cul (65,8 5505 Slm UCP-T Jale ol

6. Guanosine triphosphatase
7. Mitofusion
8. Dynamin-related protein-1




oﬂ oS o,lac bl o a S ool Las (Y- V) o, K0
ey =lie vy slile slaige jo aan Ve Dus 4y
Tob (7 0995 (09 (09 4S9 (7 g Sl
L 50d slagasld 5 095 (=2 Eess S (oo
—leSTas slam 3l e lad 5 ¢ 2als g )ls sne j5-boay
5 °plp 600 (sl 5o (V1) s ] 0 S o
oS ojlas (3l aS ass S B)S (VYY) o5
2y L oo 4 di sla g 5o L Lo 051 o5 00y
(039 plS A ;e e VY Susdn o e
Tobw «siS jelil (uS (yz lotome oy 0095
3 b Ladiged (il )3 (rdo—ail a Soglite 5 5 S5l8
Gl s 0,1 poeS o )las apie &5l 5 aalllas oy
(Y +) o oanlis oy sl silie

P —Sn S B an a oy Lo e o
L33 5 (dgndl Cmoglivo (omyz pilio S5t 50 3]
2 e (=29 Sdled Sl g g (ialuSTul
YoiolaS oy oo i (Jslse (oo (S S5t
e 2 S5 R9e (s e FSeaSe LS o adslae 95
idlon Il e iS S Lol 51 .ausl a_sls NAFLD
Cedrb 5 6T g e s ALl o alBlae 5o
8 e )90 5eS NAFLD (g5lon )3 (oy% edsilie
Obyed 78U (s gl ol Bos il a8 S
Lol = Sila (S omed Ly 0l 0,8 (g JeSe
sloghse (o alae o8l o (bjaiS g ;- I5em
S5l oo NAFLD 4 s (ol oo

G (9

S e VO 063,15 5 (o 28 Gy ol )0 Ladiged
O 039 el Ly laciie cota by 5 4l (il e
Gl 05 5 <l 7S e jload ags) @, S YV £
a3 YVEV/T gloo (- Siheo b Ao jo Lo yige 0oy
Sl iy, A g 0o, OOEF Cygby ol 5 il
Slin)S oy iz 5] psmae i i, el VY)Y
g 059 shit 5 Ol g Slils el ol (5l
iS5 ol gS e (oled iy Sl3T s
DUl () Joallygimns bl (e Lo tge
Sl3T o8 iils LS aeS 5 (V45F) 7 Sida a8 i los]

3. Mealworm
4. Lee

1. Gongalves
2. Hu

\i4 B)Lo.a.':a dY 0,99 AN ¢ U:')')g)é ‘Suwjpslc ‘SJ){)K Ol 4-’)“*’

gl Cagliin SIS e am (355 J2lS mogdle FLD
Ol C—ilys giloe—nST Lo 5l cJled 218l
aps ilidl s aLac 51, UCPT 5 PGC-1Q layyj
VeV ologthas 3 b sloaidl o zpe (V)
0a sl (55lgd o yod ahn Coia JLss au aS ol ol

PPl oz (i gy Lot adis sl ge 5o
—> <8l 0 UCP1 g PGC-10L sLayyy (s jlo o—ixe
(Y18 500 5 5ellasss (1Y) o sonlie ol
30 Gl selaiwl sy 0,90 S aS sy i 38
oz =2 ) G oS gl Joe slaige
S o tad Min1 g PGC-1AL ol s —ime ilpsl cels
5300 el Drpt 1 (6,050 0 yod adS o ] 4 S
(V¥ 00 5 "o gl slovatdly vz (ml ol
e Mt sLahge )3 (Silg (m ped adSlae a5 0ls L
Mg palS L vo 2 p (188 03y G5k I NAFLD
Py oS (52 @z S99 95 3 Dipt e Jlas
=l ml S5 (VF) cwl ol e (5,0 S gi0 0 Slos
St 4S5 ot B S VN Jlw )0 6508 G 5
S OIS lg5 9y bawgie Dund L (6l (i oS aiie
sl hge ;5 D1 g MiNT oS zola s ;5 )l3 e

O0) 0,5 sloul 9o o —ubid
sboa oS (5 5l ooliiul 5 (i85, Dol c0jg !
NA- Hloys Cg ;0 (S8 S DSl 1 S5 (=l
Sl 4l ;o sloa oS (V7)) 995 o g—wxe FLD
UCINE TRRUE N PN JE S P NS e
OV asilesls lis sg3 5l (693 —aluSTos 5 —ubs
Slyome s odls a5 Cl To )T o, 5 Lo JoSo ol 51 (S0
PGC-1a (g3l Jlud sk 5l (Sl o ST VL (ot
o=l aS ol il iz adllae ol aes o lis
il ;o oo sloag; ol 4S50 L oS
9 039 Bl )0 §Sge jebay a0 )0 o0 (myx
oyl an L as Lol 51.O0A) oS i slayl oy 0095
SaalS gz o ISl 3 b 5l G NAFLD )l
P sBan Jmete jlosliul ol odsy (2 5 039
Sgt ;0 s=aebas wolgd Yl aisl o ioluSlas plgs L o)l
5 o Ll e o 0l aalgs L is 043 ;I NAFLD

5. Ham
6. Helsinki




0% 955 dous

ey 5 TV Sl 0y

slpog)S 0 Lo bgs 155l (i yod Sl —2 09—
ahn o d e d w4 i 90 5l e (lea el
S35 O9ms® =3l Sl e SSSgn L gslnlis]
31 U L llan |y 5l (o Al o5
b 0 A m g A Code Sae an (Y VY) o, K0
(S Jgaz) (YY) assges =

5 oS+ jlom 09,5 )3 Lo tge t(omt0d JoKo 09—
Lol oS (oeinn JmoSo myad + oo+ oy 09,5
A o O P okS o sl S e Yo Gl e 4y
slejg, L alin atie o al> o g atin Coie Da
A0 ged &l 10 508 O ygo d o Slelw (o ¢ i o3
T Seis o)l e, S a, SN e i e (lie (55,1.(VF)
7 e B0 g wo)d iy Sgb) 199 )
Do WYY Slia e S oy il o s, 0 YA
(YF) 6, LS OVOIF (65, g 9o s ¥/« Fpal

O 5l gbriedy iy GLod it (il sLd (9,
ade o Sl o celw FA (o e ol &l Sl o,
53 e aLae g )ledl i foSe 1o 5 (o e
5 el (Slio (59,0 G5 L SUls ab ploxilog 5
Okl eliS o S (e Ve A A laie) (O,
Sl g WA (e (G0 s P 55 o il
i A igas el s oLl A Lolish Lo aLae ool
&=be GO39 Jodome 3]y 99 S0 )3 Aol Bl
WS s Bl S v a s oA e glos o gai
Real-Time g, Drp1 §Mfn1 UCP1 PGC1Q slo 5 oyl

ua...?Lm) C’,‘L@ Ko ‘Lgo)_‘u)ls (— ) (_gLQ w.»_w...m) PCR
RNA !5l o83 )1, 8wy p 0,00 (Tl el s

e b 32 G3leB o 03 b 0,1 045 (55L JoSo slojes pSU

(IRJAU.K.REC.1403.029 4wl L) z,—5 o>y odul

b Lo
39 5l ooy mlhe slaige i Gh—B93 l—=1 b9,
T 4o okl Oyt wax b L (615500 aan
(oS 4 lon o el 09,5 Jolds (b iy 09,5
A o (s o a5 )l 9 (o3 4o
=l =) Lo jlem slwog S NAFLD Jus sloml sl
Wah (55l ;550 SdsS wel g JopdS oy
a4 dss o lasliwl lde o usy L Wl 09,5 5
(B asisz o ailbwl glae caas LS id polc an d g
Grllae oy oS LAl 6l oolial 350 0y s
b slie Jolo oY+ %) " Sly glaan VY Joadl 5w
i s—lge> sy o 3 VD ol janay (5 lailiul) (o Sg>
Aoy 10 5 (S el Tl 28,0) Sy imedS so 0 S
S s g 45 09 (15 pol- LS 287,5) SJsS a
lolT &m0y g 9o ) Ay 4l wol8 Ll ()3 5 Bl
3 olimabl gl (V) s 1,5 Ll sl o
=l o5y L oad andns slmog 5 50 oz wS LA
S e 95 5l B g andsS 090 Ll 5l e io 2 0
485 Lo, po S 5l (e sladises (ngn (ol
T pelS 65) (7 Erer S5 b e 0l
95 ) 5 Sl 2 L s nsed AL Jo S
5 'yl gtael VT (guS slam Bl 5 (YL IS L
2 e sloas L plaea a5 Hilha il sanel oLl
8 =l s sl oe Cgme 0z A A S
Ol b da oLt ol gl 2l a8 S
423 slagbye (g iz 9= 0z WS o Leo,
(g3l Joe 4ap VY Gl Gy vz (B oy Lo oad

303 s 0gyF 53 (55lgR oy pod ST gy wlise N Jeux

B S
ALBS/ yio

VO2max

1. Wang

2. Sigma

3. Triglyceride

4. Total cholesterol

5. Low-density lipoprotein
6. High-density lipoprotein
7. Alanine Aminotransferase

9.Li
10. Applied Biosystems

8. Aspartate Transaminase




A4 G)LM dY 0)9\5 AV ¢

Loyl oS (s JoSo (oles 36 (o (6l
Drp1 gMfn1 UCP1 PGCIA (sLay) o 5315 (oo (s yod
(S P et 03l 5 (ole 99 by Sl sl
D0,5 eole !

aisl,

2 oo o alllas )5 o Loy oy S
Ol s t Ggnjl @l ol oo 5155 50 Jgar
Lo 09,5 ,5 M1 3 UCP1 PGC1A slayyj Lo 45 sl
4Bl AalS (sl e jebd il 09,5 L alie 5o
lo Giml38l g lo mimn ysboas Drpt oy a S Jb o .ol
o=l Jelod s )lel (9 gl b (4 J9oz) 0,5
prS JeSe Brmas 5 Sjlod (rm yeT 090 S i(Hale 90
Ol sl il an jmie (oS 4 plaS 52 0
Ol o —ixe ialS g M1 5 UCP1 PGCTAL sLoa o5
WS 4l e gla &) egtlyw alie il s DRPT )
ol o dmy (53l (s poT 0,90 S (Giren W 0y
am JoSo Ly ol ay S 0 0,8 (g S
Sl wotdg alae b o MinT ()5 ol 1 o et

Ol = Ll cails (ghls (e ,3U oy 0S A Dl

\J‘j)s 39 S jpele (69 3,5 Wil 4 pio

=y ysbaie 4o g 0 Lokl RNX-Plus <S5l oolaiwl Ly
525395 5 (5 yagiods il (g 3l 0] CepaS 5SS
Ly o MRNA g5 locul oo 5 solawl 55T J5 (59,
colw 5l ool Ly Drp1 g Mfn1 JUCP1 PGC1QL slayys 4y
S zl,5iwl (NCBI) 'y gbdns; oledlbl o 55 o
BLAST™ |58l oy bawwgs yaslyy p8 Lo g 0 a5l
Lo 5l pliebl cga (Lo Jlgs (oo gl el 1D
)5 58 (bl 0y Ll ol Sda e (399
LS5 0w Slawd-Y-oSudl pudS 5 5l G—dios ol jo

Al oolaiwl Al S lg e 4y (GAPDH)
P VF a5 5 SPSS (5 L ol 5 dls s 3,k 5l s sl
a s g wad Jdow g Gl pS e 0 0 (gl e e
—3)...:L~u L)H)] Lo g Laosls 2—5% 09— ‘rx...,.b la—|
g il iy s 18,5 S8 sy 0550 S
G oz 9 Ol J8 L ol J08) (o295 G
olol jo o soliiwl Jawot g Lol g3l 5l o5

w93 1yl 3l oy axdllae 9590 LS (i (3l Cwogi Y Jgu

| Rt | w4 | eecta | uek4 |
og )5

Sl S ileo
R

YIEYEN /DY

Gl it o Sileo
5 yliliaw!
YENYEY/PY

RZ2VAY L

JAAE-[4D AFE-[eY I DR" A%/
PN - BIY £+ JFY VOIFALY/AY SIEAL-/AF
CFVE[Y NN VEIAAEY/S - ARREN/FY
YOI F YIAVE- %5 YFIOAEEN ) VR ¥RV BY

slows 9 pdlw J 5555 09,5 90 4 Drp1 g Min1 UCP1 PGC1OL (sla(y5 oyl duns Lo 5 yg0 5 Sl t (yg03T gl ¥ Jguor

p t
offo oo ) YV/FY A
[ooon® Y. IAY A
oflo oo™ /¥4 A
een® —YF/Af A

1. National center for botechnology information

. Basic local alignment search tool 4. Shapiro-Wilk

3. Glyceraldehyde-3-phosphate dehydrogenase

PGC-10L o s

P+ s 59 s 09,5 b o sito o9l 4L ®

5. Tukey




ol 9L 4-°-/

Ol a5 Gl assS a0l 052y (5o mre gl s )T
il s maw 45 Min1 5 UCP1 PGC10L sLoayyj (s
G P RN ¢ TR PRV BGI N U R ] PR e
o Ol Sl o a S 0l s eyl ol molis
5 Sile—2 i yed lsjen adSlae 4 S ladiges o Loy
aS leaigei b ol o wasoged cdl o o)l o, 5 oS
W53,S 8l yo 1) oy el aom e 0,1 0,8 JeSe ads o
Sl o Hlam a5 sl aseT an by (ghls e gl
39 O yeS + JaSee Cdly S a5 M1 4 UCP1 PGC1QL
Ol 5 95— VL e o3 (g0 + JoSe gl Ly e

(= Jguz) osls ), 3
Lo jbge ;0 NAFLD au Ml o, bl iaghs sloasl 3b
sMfn1 UCP1 PGCTA sLby; o sl ialS el

5 gl ol ot o (s alac oDt g il

e b 32 G3leB o 03 b 0,1 045 (55L JoSo slojes pSU

oogide—w aLac ol o DRP1 PGCI1Q UCP-1 sla 5
Cblai (gl (re ;b oy 0 S A Sl sle o,

Gl Joo=)
anlie o (gyhis il (3—03] mold izpee
PCCI0 Loy o Ol o (o o sl
S slads, wstdgw alac cdly ;5 DRP1 g Min1 UCP1
PGCIU Loy o Hlom aS 0l lis oy 0 S 4y
b L a sl )0 (o yei &8l o e ;o Mfn1 5 UCP1
o2 3 DRPT () (o (b g Sl 15WL (0 po5 (90
(g J9o2) 9= S imb e o aslie o5
oS e Ol a5 0l Lt pge3T (ol b ogdls
aaslio ;o JoSe cdl o a0 Min1 3 UCP1 PGC10L
DRP1 ()5 (oo Ol 3 Sl 5V JoSeo (90 o L
J99=2) 09 )5 0mb (b o alie 95 om0
Sk o S 0l Ot sl ol e (a2
Olojor A lolos a5 ladiges o Layys oud s
L old yo wasivgai cdlyo 051 0, S JoSe 5 (53l5 (s o3
Sl 1) JoSie (gim L el 4B e 45T (ladiged

asdllo 3 g0 o Jole jo L(yj (o e Ol padd (pguas )0 Jlole g0 il 4l i s F Jgua

4> 40

21 gy F B

&9yl
IN¥ [one)® ST \
<IAY / (had Ya/A\ \
[+ ARl “IAA \
IAY [ooon® ARVYAR \
/Ay [oo o \VBE YYV/A- \
[+Y < [OYY AR} \
< /Ay ofeeeN¥ 0FfIZA \
</a0 ofe e e\ BE \aArian \
-Is8 offo o 0 ) Y0 \
< IAS feeeN® VoY \
“IAY offo o 0§ Veqjee \
ofee “IANY o[y \

Sl alis * pSe/ed o ;o by by g JoSo Hlo Saxo T Al #* pSefed w50 G by iled oo Hlo S T alis ®

Tun b
INEied O
VY- /50 JoSo PGC-10L s 3t
AIDY O+ oS
aviai o
Ya¥/fr JoSe

- OY O+ JoSe
OAIBY O
FAIAY Josee
YIXY O+ JoSe

Nizs Bb

N4 JoSee

[+ 47 Ores + JoSe

PSe[od g 55 L3 Gl 1 oS 3 S5lep c ad Slolad HIo gimo




. N

A4 G)LM dY 0)9\5 AV ¢

\J‘j)e 39 S jpele (69 3,5 Wil 4 pio

W5 (o sl Pl (ot gl (pguas 30 (S yigr (ordind 9031 LS .0 Jgu

offo 00§ /YA Y/
offo0of)® VY4 VY/FN
feey® /4% AN
[ree® /4% VAV
offo 009 /07 o/
[ro0N® < /0) %%
VI A% \Zini
[rean® A% O/ ¥
[ Al Y/£Y
[ree® ¥ Y/NA
affo0of)® Al \/AY
[raN® AR /8
ey ® VY — /X7
[ree® Y /Y
ey ® /40 AL
[roaN® /40 /v

T 95 o dwplio
s Ok N
oSG 05 3T p S JoSa
PGC-10L (o O3l
JoSa s+ o JeSat o
G Oskt foSa e S
R O Siles n e
oS 05y 3T e S oS
oS Bsts+ o 3 JoSat a5
ot O3t JoSa i+ JoSa
s Ok Solsr
JoKe 05 3,7 r; S
JSe st p St
s gt JoSa it JoSe
S O SSlss e
NESTT T oS JoSa
JoSa s+ o 8 JeSat o
SOkt S e S

pSe /e 6)“%;""" eh.u 39 Lboj o g,Lu » ‘fda.w o )|.>L;2.M WS ailis ®

).a_a.wobbu‘ d;‘_cla.‘&_lLef')o9A_:5‘5o;§-oSQ]b)_<.Los)o
e 5 sl by Lo (5,05 g (Do i
590 Sy A5 Ao o plis o> 4 dlae Lol gl
r:‘J_SJ_.(b o)] l°)-< o)l...a.c J_o&a Ca._éla").bg 6)‘5—“ O
slays ol o o ialidlay s aslBlos o bay
QL"’ )los_m u..._fb‘s T N Mfn1 9 UCP1 PGC-10
éﬁ_w i NAFLD 4 )l_u.é LSl-"’u*’j*‘ ‘fLu alac BN Drp1
St s st | ey et s Sl Uy
Lol 151 a3 5 3l Drpl 5 UCPT PGC-1QL sy

NP el azs F 1L 8006 0 50 s 4538 Slalllas
PGC- p—daii ;o Pluslas oo oo lid 95290 dalgs
o, Shoe ;o Pzl a ;e NAFLD a4 Sl Jlooa 10
oS jpliiml a9 99800 (5% e plie 9 (6505 e
Olg—ieds PGC-10L a5 cplay a5 Loy (F) 05 o S
B UCPT )l o (5,50 slmoasS o lass 5l 5o
L UCPT s yials oy co i a wwl sa i a3
oty a5 el e o ol LSS
3 Sa3slsd g Ol st (8) WS e S =5 |, NAFLD
oa— oddl o NAFLD a4 Mo oyl )Los o (6,0 S gin
5510 il ial38 L oS DIp oYU, zoba ]
DB g (608 gie as 5l s 8l 4wl ol o0




0% 955 dous

it 45 PGC-10L (s JLad 55k 5l 0590 (ol (390
ol S glie 6,551 9 (550 e 35500 (Ol 00
[, PGC-10L 5l ailgs oo (it fy9 cadlad 0,05 o 5T
So—te ) 6395 e 3 Shoe 3yl il 5l g wms il
5 2ol igaS jpliial pall ;o g aiou o
S e (LS (omele dale B (VF) 995 o0 0S5 59
&5 om0l S el Ly gl (s5ls DLy a3 45
Pola s 5 ige ol il g Dlac (ATP) Tola s
sl o gl ! jo jmoss g Al of ,on (AMP)
550 ool Lo oo Jlsd 5LsS (g Sl el
G381 L e Byl (YA YY) oS JLsd |y (AMPK) " lad
O355lS B8 a5 (sl s3lie Sl pes Ly Do
AMPK joss JLsd gl ailBlas S e olsmcdy 545 4 S
JLed SLaS 0892 P38 (Gl ploy jno S o0 Joe
(YY) 39— Jlad 0ilg o 35 (MAPK) " y59—ice L oo
3 AMPK §p38 MAPK Sl sl (sl oo o JLsd
PGC-1Q oyl (Al g (gDl joinsd oo comle
O P PGC1O Ly g o JLad 050 o0 i yo
SYA) S oo Jas UCPT 5l ) (s0dS S 1m0 olsca
(0359 30 PGC1QL )y eudas (o S0  Hlesx] jI5 9510 (VY
YN bl b 0y Jale alez 5l Lo sla ila,
245 el ilga (59 Dl ped s sl 5o (FGF21)
ol 00 5158 G NAFLD § clys o —bl> Lo Jow
Syt e eLFGF21 5 g a S ol ] 5l Sb> saly
2§ e s plS g S glie 7o
Glpdiged 5 oz (=8 oy L ool a3 sl ige
Sl a8 Gl oo ools il (i e 39— 0 =k
PGC- gl sly—imo oS ;o0 o sl bge 10 FGF21 (5

Ly rh

‘Q_.{|J_305)1.C (Y9) AR o0 Jo. Y lS\.x_.o)o(M Y- ‘)1(1
5 b ) —oter B PCCA |y ol a2 gs J B
a2 oo Sl ) Mfn1 zgla W PGC-1QL (g5l Jlxd a5
Azl )0 g Sl (6590 (6 )9S e (—Dgmad glm 4T
st OF 5| ot 3 omired J3b 50 1) ()9S g Cedlss
S el oad ooly s 0 (gg—w 31 (V0) 0isn o

1. Evangelista
2. Hu
3. Caldas

4. Adenosine tri-phosphate
5. Adenosine mono-phosphate

e b 32 G3leB o 03 b 0,1 045 (55L JoSo slojes pSU

D9 )lob_;.m Mfn1 U‘“—")B‘ 50 J_a&n 9 Oy
S50 o ISyl oy sloadl bl ol b snen
9 (§3lem p pod Aian St 4 S ol Lis (Y4 YY)
)_"osy.c NAFLD J..\_A duu.u}n 5o Ja_....a}uo A l_:
Sdled il g (gl Caglie S S i (g elS
UCP1 4 PGC-1a sLays oyl cilys gl ST slags 5l
sloaidl o v>aa (V)) aoo iolidl o laa Lac o)
alslae a s ol (Lai (V-YY) o), K0 Y9_m JUES Y5
=5y =k JINAFLD 4 Mt slayige 1o (5ls (3 o3
995 o Drpt e Jled o e oS Loy N
S =S gie 3 Shoe PS5 g0 ()7 oS S5t
(Y M Y\‘) 01)_%.) 9 ru.u‘d_lls ‘)5%369—“ )| (\ f) S o‘)_@
o,lac L (o) JoSo (glaian Lpz 090 S aS aisly s
25y Gk 3l oo Gl slaige 10 31 0y 0uds yrass
009_7 €359 )‘o‘f;.»o u,..._QlS F= og)l_c M‘}) e Af""\'c
L, PGC-10 ;s ¢jomol bl yo Ss5emd slays 9 o=y
=9y JaSe b (VA S pdas o158l O jgoay
Loy 8l> g NAFLD (s,lews )0 UCPT zgla s ;50,1 0, S
Ly ol gl (slolie aS 05 i co (Sl oLz Slalllas
o5t ) oS Al o (e slanys, WS oe wi
[T DO 6)_m?u ‘_gl_ég).(:s) 9 uo)La.c (55l—> FELY tr;l.ﬁ:ui
Ly SCdglin sl pms Jmaws jo 1) (gloaicS gzl
Ol pebas L as aslosls lis Bl g guS jelanl U
Ol Y VY Jlw o glasdllas o ccul LL o UCP1
o7 S A i oz (i Glam) 0 0] oS
o= 0 (6,920 L8 PGCI1OL 45 Lol 51 (Y 0) o9 ol o
gy 05le oyl oylas il 5 Yl azal s UCPT ol
aS J> o anba sl 1 3 SUCPT zola v Ol pois o
0,0 5t Sgbie caodlws 9 UCPT mla a0 0l oo
Sl ol (s (59 sl (6 it LS
SLa 0 Ol e = (=059 Sl ,3b Lol g5l
35,5 oy Eg—b90 =l 4 NAFLD (5, ;0 aslllac 5,5
Sl iz B j5boas Sls (ym T 4S

7. Mitogen-activated protein kinase
8. Fibroblast growth factor 21

6. AMP-activated protein kinase




(MAPKS) ' y59—ee L oo Jloxd sloajlnS (g g
2 (M) 0z sl o (—lier st Ssl
H9bl o)lac 8l yo 4 S el oad ()55 dLul ) yan
Tl izrad 5 oS il ;Sgs 5 bay o)l e, S
Slel el YT g 5l sl b L] gl 3]
— L)—‘ u‘)_;| = (5‘)—’ oj f)—{ g_é)_.a.o ‘O—-'.‘)'."’ﬁ)k‘
olalas Jb o culass )3 1,8 asllas 5 )50 Sla>
B ol oais L')—‘f’ﬁ) d_dé )3_,4:4; PGC1Q - uol_‘>
S5 pmadd gilie 5 (6 )9S e 0 ) Sos 1 09l i s

(YO) a2 o lis |
Byan g 9l S5l e lajen ad3lae a5 Ll
o Ol 6l e (bl 5l 0T a8 (g0 lac
las plzs NAFLD a St sloajige ,0 PGCTQL o
S E NN PSR SR RIRCIN NSt N
.))] P)J o)l_.a.c )_..;L Sy rl..a‘ ‘_gLa:).._..wo G (0
50 48 ail MAPK g AMPK SCJUSe o (gl e Jol
O oy slo sl ecdplie i 5 (Dl oz A
Ooias S e L aiuslie ;0 PGCIOL s o (6 iy 50
4SS o gdy il A ity alac <8l o Logass
008 Jlad S 095 4S 09-b e S 5 SSlee hyys L
g diile wilisee glapanilSe 3o ,b 5| PGCTQL (548
S o (CaMK) " 90 90l5T auandS ay 4l LS
539 ool 51 o ooyl (YA) el MAPK p38
J—Jod ol o (Dlac PGCIAL , 55,1 5, S 5 55l5—2
U T PO SN B (P PO | R
TS L g easloas Jaws 0,1 p, S o)ac lawg 4 S
a1, PGCIOL L —lassas iy o) 5o 4 ogall i
Sl S as ol ol oXogs—w 5l il oo ,iSlas
..\_3‘00)5 C)_L:.n (_;‘él_») Olalllas el O—aS9y8 )‘ )l_w).w
slacnSsn Sl 9 omiRlr gy ol il esliul as

1. Mitogen-activated protein kinases

\i4 B)LQ.:J dY 0,99 AN ¢ J’})j)é ‘suw.’}p’].c ‘Sdﬁ)ls Ol 4-’)“*’

COS ailgi o PGCAL (6 3lus b b iogyo S 5o
e 53 omlpls S e 1, Drpt alaly Ly (60 gie
(1)) 95 g0 liblons Jolows 55531 5 50l o il
209 (m oS Jobo po PGC10L adly i3l (Lo e Bl 5o
5Dt e dled fals 5,0 g e (mbigy 4 e
M1 Gl S 28 alig dm (6,05 e (—Dg7od Tg 5

(YY) 098 o0
5 535al Sy, 8,1 ) ojliar Cdly s e oyl
g S92 9 (27 ) lie St (69 e (b
ol 00l 7 ydae @ LB Gladgod (o gullauST ol
STy [P U IR BT PCK S [ DU DCOR BNt 2% B
Sl pyS sl o (sl slanss, O Sae bwg PGC-10
Slihod 350 bgye 3} 0y 0 )las L o)l JoS Ly
5 00z 3,1 IS ay ofgar )] )5 45 sl o LS
S sladae ;o PECIA pshas 1 Ciio y9-bods o5 e
£ S (6 a5 0jlac (VA) 3,135 o 35U NAFLD (5 Lo
Ol oo jgliil mly o (mhablre S5l izmen o)
oM 35—ty (51— 09Il pancilSCo cus L 4 S ools
ol L b s (sl e s PGCIAL Jpiiad 35k 5 SJsibie
=l slass, 09,1 oS GalwS (o imen (V0) Sl
Sslbie sla el S5t 9 (2 o A e o2
S35 (V) Sl ol e PGCAOL pebas i3l Ly aS 0
ST prS sy s ol gLy, 48 el o0
) = pd e jo JBs b slany n Gl
Lol 3 ol 0 JPGCIA il g oold ol Ciio jo-boas
oo S lgagel Laadly S Jb> 45 oS o cslon

J—b oad ) sl it Oliied i
59y JeSe ol wg a5 il o3V lap il
ol s 5 o] slaaaly, sPGCIOL 0,1 4,
NAFLD g —8l> sl —lde oM Slae a o) )0 o5—gds
e JeSe Byan o izes (FT) 0,35 e 3T
Slop—acile 1 a0 Shgs slapS o)l oS
5l aee PGCIOL L o5 0 JUSs slo o g Jolw
56 Lmad oadalin 5 (liiozr — 6 Gk
P g o)luac a5 alesly lis Ol o ,l0 %,

2. Ca2+/calmodulin-dependent protein kinase




0% 955 dous

8,5 o,lil o 1 5 g oS s Seis ) 3L

J—5e 5 5l (el A nl d a g L 2y dmnid
Ol A yomie allar by plaS o)l S (aiig
iz 5 Min1 g UCP1. PGC-10L slayys oo ol
Mo sl ige alac ;o 0 Drpt oy lo —xe il
L =9l 5lam s yod a0 a3 4 (0l NAFLD a4y
‘f»Lg‘.ucb ﬁ‘dj)_b o)—l ﬁ)_f o)L.a.c v._éb)o 9 Ja_...a9.’2.o ol
J=30 ot sla s (B Ol Site Sl ol L
Yool (o2 pdlie i 5 (6 )9S g 550 50
&y Slllas ploel 0gs 2 3lg S50 NAFLD )l ,s )0
ol ey o oladod o9 Sguome d a >l Ly
@S g Syl o) a8 Bl o 5 (550 Sl el
«NAFLD lae,0 0 Loyl —wlul (idi g oy e lio g
99 9 Cmbo by g (Bl 4 M sladised (55, aline
Sg |yl ool yo wiws bLS,| ;o NAFLD Ly a5
&l 2,

S, 0925 a8lie jo >l

PSS g (Sl yud

P AS maads 5,50 4l Gl ] o adlie ool
\.\_le(Sn cu_w| 00—l u_».» C)j ..\_>|3 Gay_w‘ O‘)i ol il
e 60X g 9 009 (G-ios 0o o dafllas sloai (o
J—doas 7,5 o =lg ol3T ol _ils (559 T g5 548 oK _iulej] 5

e b 32 G3leB o 03 b 0,1 045 (55L JoSo slojes pSU

rileyn (FF) 0l go (g i S 25 50 K00
G —meS B By e a5 ool Las (V-V)) o), Ko
& el oaeg aiile o) o, S jlea s it (g
# e g celilodl s el (Mae (Sgp i
4295 L TV) aoad oo Giml¥l (2559 5 ey 65915, Js-bo
Sy OS5 a S cdh,e plys oo Laaidl o olas
SlopsS 55 35250 (559,—2 Glas—wlyinel 5 ols Jlsd
il b o o 55 syl Ay e Y azsl oo
Sl g s @Bly 55 39— PGCT0L s AMPK (sl puce
S G 3l s JeSo (il 50 S5 ge aal
i o ac sla Jolw o Rag (souwl 4l sl 5>
V- SeoS 3ldld g (pedly j5iand (3 (598 S e S
a8 oo 5o |, (MTORCT) ™ )l s lob]y Boa
MTORCT a5 sas o lid ol ) —ade aals i (YA)
Trbe GmBgn yom 5o Olowyply Gmilel lymsa oS
SUS s e glos il 5 bty Al o el 00
S Sy oo B A 0 (Y) oS jLge |, AMPK
S 351 0S50 35250 (5 )90 laduilgiel Yoz
2 892 (S e 45 Slap el DS g
1, Slewspls Heme oyl sl AMPK/PGCIQL Sl ol

doled e o L
ozl (olltalel & j5oay imgly il 45 Ll
(Bl S92y gt Sl jo ol Csgase
iy ol s lei] clacasgame alax 3l (ool L
ol Aot 3 380 S pae 4 oy s

&L

1. Neuschwander-Tetri BA. Non-alcoholic fatty liver disease. Bio Med Central Medicine. 2017;15:1-6. https://doi.

org/10.1186/s12916-017-0806-8

2. Di Ciaula A, Passarella S, Shanmugam H, Noviello M, Bonfrate L, Wang DQ, Portincasa P. Nonalcoholic fatty liver

disease (NAFLD). Mitochondria as players and targets of therapies? International Journal of Molecular Sciences.

2021;22(10):5375.  https://doi.org/10.3390/ijms22105375

3. Kang C, Ji LL. Role of PGC-1( in muscle function and aging. Journal of Sport and Health Science. 2013;2(2):81-6.

https://doi.org/10.1016/j.jshs.2013.03.005

4. Léveillé M, Besse-Patin A, Jouvet N, Gunes A, Sczelecki S, Jeromson S, Khan NP, Baldwin C, Dumouchel A, Correia JC,

Jannig PR. PGC-10 isoforms coordinate to balance hepatic metabolism and apoptosis in inflammatory environments.

Molecular Metabolism. 2020;34:72-84. https://doi.org/10.1101/703678

1. Hermans

2. Mammalian target of rapamycin complex 1




\i4 B)Lo.& dY 0,99 AN ¢ J’})S)é w)'ﬁ,.l.c ‘Sdﬁ)ls Ol 4-’)“*-’

5. Mills EL, Harmon C, Jedrychowski MP, Xiao H, Garrity R, Tran NV, Bradshaw GA, Fu A, Szpyt J, Reddy A, Prendeville
H. UCP1 governs liver extracellular succinate and inflammatory pathogenesis. Nature Metabolism. 2021;3(5):604-17.

https://doi.org/10.1038/s42255-021-00389-5

6. Galloway CA, Yoon Y. Mitochondrial morphology in metabolic diseases. Antioxidants & Redox Signaling.

2013;19(4):415-30. https://doi.org/10.1089/ars.2012.4779

7. Archer SL. Mitochondrial dynamics—mitochondrial fission and fusion in human diseases. New England Journal of

Medicine. 2013;369(23):2236-51. https://doi.org/10.1056/nejmra1215233

8. Li R, Toan S, Zhou H. Role of mitochondrial quality control in the pathogenesis of nonalcoholic fatty liver disease.

Aging (Albany NY). 2020;12(7):6467. https://doi.org/10.18632/aging.102972

9. Orci LA, Gariani K, Oldani G, Delaune V, Morel P, Toso C. Exercise-based interventions for nonalcoholic fatty liver
disease: a meta-analysis and meta-regression. Clinical Gastroenterology and Hepatology. 2016;14(10):1398-411.

https://doi.org/10.1016/j.cgh.2016.04.036

10. Cho J, Johnson BD, Watt KD, Niven AS, Yeo D, Kim CH. Exercise training attenuates pulmonary inflammation and
mitochondrial dysfunction in a mouse model of high-fat high-carbohydrate-induced NAFLD. Bio Med Central Medicine.

2022;20(1):429. https://doi.org/10.1186/s12916-022-02629-1

11. Evangelista FS, Ferreira MM, Fortunato-Lima VC, Correa SM, Vecchiatto B, Martucci LF, et al. Metabolic cooperation
between adipose tissue and skeletal muscle mediates the prevention of NAFLD through aerobic physical exercise. The

FASEB Journal. 2022;36. https://doi.org/10.1096/fasebj.2022.36.s1.r3228

12. Mostafavian M, Abdi A, Mehrabani J, Barari A. Effect of eight weeks of aerobic progressive training with capsaicin on
changes in PGC-100 and UPC-1 expression in visceral adipose tissue of obese rats with diet. Complementary Medicine

Journal. 2020;10(2):106-17. https://doi.org/10.32598/cmja.10.2.627.4

13. Gongalves 10, Passos E, Diogo CV, Rocha-Rodrigues S, Santos-Alves E, Oliveira PJ, et al. Exercise mitigates
mitochondrial permeability transition pore and quality control mechanisms alterations in nonalcoholic steatohepatitis.

Applied Physiology, Nutrition, and Metabolism. 2016;41(3):298-306. https://doi.org/10.1139/apnm-2015-0470

14. Hu Z, Zhang H, Wang Y, Li B, Liu K, Ran J, Li L. Exercise activates Sirt1-mediated Drp1 acetylation and inhibits
hepatocyte apoptosis to improve nonalcoholic fatty liver disease. Lipids in Health and Disease. 2023;22(1):33. https://
doi.org/10.1186/s12944-023-01798-z

15. Rasht I. The interaction effect of aerobic exercise and atorvastatin consumption on the expression level of MFN1/2
and DRP1 in hepatocytes of the rat liver with type 2 diabetes. Journal of Ardabil University of Medical Sciences.

2022;21(4):388-401. [In Persion]. https://doi.org/10.52547/jarums.21.4.388

16. Akyiiz F, Demir K, Ozdil S, Aksoy N, Poturoglu S, IbriSim D, Kaymakoglu S, Besisik F, Boztas G, Gakaloglu Y,
Mungan Z. The effects of rosiglitazone, metformin, and diet with exercise in nonalcoholic fatty liver disease. Digestive

Diseases and Sciences. 2007;52:2359-67. https://doi.org/10.1007/s10620-006-9145-x

17. Gu J, Liang H, Ge X, Xia D, Pan L, Mi H, Ren M. A study of the potential effect of yellow mealworm (Tenebrio molitor)




S I L ol 2 63198 a3 b 3)T 035 (63l JaSo lojed 3G

substitution for fish meal on growth, immune and antioxidant capacity in juvenile largemouth bass (Micropterus

salmoides). Fish & Shellfish Inmunology. 2022;120:214-21. https://doi.org/10.1016/j.fsi.2021.11.024

18. Caldas B.V, Guimaraes V.H.D, Ribeiro G.H.M, dos Santos T.A.X, Nobre D.A, de Castro, R.J.S, et al. Effect of dietary
supplementation withTenebrio molitor wholemeal and fermented flour modulating adipose lipogenesis gene expression

in obese mice. Journal of Insects as Food and Feed. 2023;9(5):625-636. https://doi.org/10.3920/jiff2022.0070

19. Lee JY, Im AR, Shim KS, Ji KY, Kim KM, Kim YH, Chae S. Beneficial effects of insect extracts on nonalcoholic fatty
liver disease. Journal of Medicinal Food. 2020;23(7):760-71. https://doi.org/10.1089/jmf.2019.4536

20. Ham JR, Choi RY, Lee Y, Lee MK. Effects of edible insect Tenebrio molitor larva fermentation extract as a substitute
protein on hepatosteatogenesis and proteomic changes in obese mice induced by high-fat diet. International Journal

of Molecular Sciences. 2021;22(7):3615. https://doi.org/10.3390/ijms22073615

21. Wang DQ, Schmitz F, Kopin AS, Carey MC. Targeted disruption of the murine cholecystokinin-1 receptor promotes
intestinal cholesterol absorption and susceptibility to cholesterol cholelithiasis. The Journal of Clinical Investigation.

2004;114(4):521-8. https://doi.org/10.1172/jci200416801

22. Li J, Huang L, Xiong W, Qian Y, Song M. Aerobic exercise improves non-alcoholic fatty liver disease by down-
regulating the protein expression ofthe CNPY2-PERK pathway. Biochemical and Biophysical Research Communications.

2022;603:35-40. https://doi.org/10.1016/j.bbrc.2022.03.008

23. Kim SY, Park JE, Han JS. Tenebrio molitor (mealworm) extract improves insulin sensitivity and alleviates
hyperglycemia in C57BL/Ksj-db/db mice. Journal of Life Science. 2019;29(5):570-9. https://doi.org/10.1007/s13596-024-
00813-7

24. Payne CL, Scarborough P, Rayner M, Nonaka K. A systematic review of nutrient composition data available for twelve
commercially available edible insects, and comparison with reference values. Trends in Food Science & Technology.

2016;47:69-77. https://doi.org/10.1016/j.tifs.2015.10.012

25. Kang Y, Applegate CC, He F, Oba PM, Vieson MD, Sanchez-Sanchez L, Swanson KS. Yellow mealworm (Tenebrio
molitor) and lesser mealworm (Alphitobius diaperinus) proteins slowed weight gain and improved metabolism of diet-

induced obesity mice. The Journal of Nutrition. 2023;153(8):2237-48. https://doi.org/10.1016/j.tjnut.2023.06.014

26. Popov DV, Lysenko EA, Miller TF, Bachinin AV, Perfilov DV, Vinogradova OL. The effect of single aerobic exercise on
the regulation of mitochondrial biogenesis in skeletal muscles of trained men: A time-course study. Human Physiology.

2015;41:296-303. https://doi.org/10.1134/s0362119715030123

27. Kianmehr P, Azarbayjani MA, Peeri M, Farzanegi P. Synergic effects of exercise training and octopamine on
peroxisome proliferator-activated receptor-gamma coactivator-1a and uncoupling protein 1 mRNA in heart tissue
of rat treated with deep frying oil. Biochemistry and Biophysics Reports. 2020;22:100735. https://doi.org/10.1016/j.
bbrep.2020.100735

28. Mj G. Brief intense interval exercise activates AMPK and p38 MAPK signaling and increases the expression
of PGC-1alpha in human skeletal muscle. Journal Appl Physiology. 2009;106:929-34. https://doi.org/10.1152/
japplphysiol.90880.2008




\i4 B)Lo.& dY 0,99 AN ¢ J’})j)é w)'ﬁ,.l.c ‘Sdﬁ)ls Ol 4-’)“*-’

29. Takahashi H, Kotani K, Tanaka K, Egucih Y, Anzai K. Therapeutic approaches to nonalcoholic fatty liver disease:
exercise intervention and related mechanisms. Frontiers in Endocrinology. 2018;9:588. https://doi.org/10.3389/

fendo.2018.00588

30. Mozaffaritabar S, Koltai E, Zhou L, Bori Z, Kolonics A, Kujach S, Gu Y, Koike A, Boros A, Radak Z. PGC-10l activation
boosts exercise-dependent cellular response in the skeletal muscle. Journal of Physiology and Biochemistry.

2024;80(2):329-35.  https://doi.org/10.1007/s13105-024-01006-1

31. Mou YL, Zhao R, Lyu SY, Zhang ZY, Zhu MF, Liu Q. Crocetin protects cardiomyocytes against hypoxia/reoxygenation
injury by attenuating Drp1-mediated mitochondrial fission via PGC-10. Journal Geriatr Cardiol. 2023;20(1):68-82.
https://doi.org/10.26599/1671-5411.2023.01.001

32. Gill JF, Delezie J, Santos G, McGuirk S, Schnyder S, Frank S, et al. PGC-10 regulates mitochondrial calcium
homeostasis, SR stress and cell death to mitigate skeletal muscle aging. BioRxiv. 2019;23:451229. https://doi.
org/10.1101/451229

33. Turkyilmaz A, Lee Y, Lee MK. Fermented extract of mealworm (Tenebrio molitor larvae) as a dietary protein source
modulates hepatic proteomic profiles in C57BLKS/J-db/db mice. Journal of Insects as Food and Feed. 2023;9(9):1199-
210. https://doi.org/10.3920/jiff2022.0162

34. Seo M, Goo TW, Chung MY, Baek M, Hwang JS, Kim MA, Yun EY. Tenebrio molitor larvae inhibit adipogenesis
through AMPK and MAPKSs signaling in 3T3-L1 adipocytes and obesity in high-fat diet-induced obese mice. International
Journal of Molecular Sciences. 2017;18(3):518. https://doi.org/10.3390/ijms18030518

35. Ringseis R, Peter L, Gessner DK, Meyer S, Most E, Eder K. Effect of Tenebrio molitor larvae meal on the antioxidant
status and stress response pathways in tissues of growing pigs. Archives of Animal Nutrition. 2021;75(4):237-50.

https://doi.org/10.1080/1745039x.2021.1950106

36. Lee JB, Kwon DK, Jeon YJ, Song YJ. Mealworm (Tenebrio molitor)-derived protein supplementation attenuates
skeletal muscle atrophy in hindlimb casting immobilized rats. Journal of Physiological Investigation. 2021;64(5):211-7.

https://doi.org/10.4103/cjp.cjp_40_21

37. Hermans WJ, Senden JM, Churchward-Venne TA, Paulussen KJ, Fuchs CJ, Smeets JS, et al. Insects are a viable
protein source for human consumption: from insect protein digestion to postprandial muscle protein synthesis in vivo
in humans: a double-blind randomized trial. The American Journal of Clinical Nutrition. 2021;114(3):934-944. https://
doi.org/10.1093/ajcn/nqab115

38. Moberg M, Apré W, Ekblom B, Van Hall G, Holmberg HC, Blomstrand E. Activation of mTORC1 by leucine is
potentiated by branched-chain amino acids and even more so by essential amino acids following resistance exercise.

American Journal of Physiology-Cell Physiology. 2016;310(11):C874-84. https://doi.org/10.1152/ajpcell.00374.2015

39. Kimball SR. Interaction between the AMP-activated protein kinase and mTOR signaling pathways. Medicine and

Science in Sports and Exercise. 2006 Nov 1;38(11):1958. https://doi.org/10.1249/01.mss.0000233796.16411.13




	_Hlk18926656
	_Hlk179222153
	_Hlk185185602
	_Hlk185185620
	_Hlk89296390
	_Hlk89297012
	_Hlk89028724

