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EES#

R DMURZS T B s LA AR = S L 5 L
RE RAVAH SRS TE 3 FHLE, A< S GEO #idla
J% (https://www.ncbi.nlm.nih.gov/geo/) HHZEIET
K P5 % GSE202295 il GSE268372, H:
GSE202295 10,55 17 44 fH FREXS IR 11 2.1 4% 88 A T ik
/) 2 BB PR IR (type 2 diabetes mellitus, T2DM)
BEMBEIEAR ', HT 58 DMARE T B L
B ETER AR A . GSE268372 45 3 H At FFEXT IR K
13 H DS HAR A B A, HABIRIZH )
tP LT 2 25 40 S JULET 2 Ao a6 v R A o 2 BRI
HF it — LR DSR4 FHLE . SRAIR 4.4.1
H1 GEOquery 2.72.0 f 35 B 3k 4 B I 5 FE S
P, JFe BUAREN R . SRR A F 4 | log, B4tk MR
HEALALEE . BEJ5 R limma 3.60.6 f 3617 25 57 ik
53T, LAllog,FC>0.5 H P<0.05 M Tfidkprife, HiK
T2DM 41 5 f x4 . DS 41 5 1F % % fi 4 =[]
) 22 5 2 ik FL A (differentially expressed genes,
DEGs), HAUERm#EFE SRR, #F—P R
Benjamini-Hochberg J7 5 #1722 T A 30 4 1E, LA
Padjust<0.05 4 B ZEEARUE, 1181 clusterProfiler
4.12.6 1 % DEGs #f 17 3& [H A& {& (gene ontology,
GO) Kt RN 5HE KA H R 2 (Kyoto
encyclopedia of genes and genomes, KEGG) & %
GrFTe X REBIRSE, TR TR LA, St
PR B DR A AR I, P SIS [ T X 5 A
[Fi) 368 (2 T ) L

GSE202295 ¥ ffs 4 L i ik 11 476 1~ DEGs, H:

H T2DM SR B BT 232 1S [N L3R, 244
ANFE R UE . i GSE268372 F i vk 2 947 A4~
DEGs, DS RS T FEXS I AT 1 484 A JEA
EE, 1463 N EER T (18 1a, b) o A,
KEGG & /s R iR, DEGs 25 RIE . kR
. Apelin {5 53 B . BENSMEALEE 3 /2 11K
lif B (phosphatidylinositol-3-kinase/protein kinase B,
PI3K/Akt) f5*5id %, 222505 E RS~
% AR A - A0 A RS2 A AH BAE AR . GO
ARSI ERFI DR AW (biological
process, BP) Jyifl, FEPN =295 K (40 eIk
1R E N N WV i IR A T S 1 N S =N = O
W 1R A A5 A S 9 0 I ok A% 5 7 2 M 4 3
(cellular component, CC) F i, #HEZS54E W%
RERR BV A R S B A R AR 2oy T
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Yez#E, (H DS 2R B 2 5 IR BRI R L |
HRNE TN S5 HE )2 B B BAR S AL e i — 2P
it
1.2 FBERACIH AL IS #E PR i AL A E B 22 i

MR RIN, SEIRENLEM L, DS H
A RSN A SR RE . ST R85
WA EAE MR N, AN DIRR
AR R A K, 1M DSERZ BN A R m s,
AINAE T U . BRBTOTRR . BEEEE S SOk 5
1k 2 K 77 ¥ (advanced glycation end products,
AGEs) B Z%5F R, X2 R ]
L P 7Y 2 1) S VAN = W AL QN2 & A % N e R
KR R AR A AR B, DT LA & F
K. WLmaR AR ARz ' (K2),
1.2.1  BEFARIHZE AL S s = AT

fid 5 ZHEPL (insulin resistance, IR) & DS K
RO BARAIEZ — . NR BT AL 2185 A Ffin B
HHNUIR WEZEHN R, JRRAEE WoR, DME
O I IR R E  , er EEEEREAR
ARTEWERE AR AR BT S50 SRR 20 . AR
IRFEGIFSE M, X S5AWFIE T GEO Hidls 2 I 5
RS —3 . BLAh, ZREH . PRAERG SRR
PEorF & R E sV B IR, RS R
(insulin, INS) JZJR# R B A KA -1 (insulin-
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Fig. 1 Bioinformatics analysis of GSE202295 and GSE268372
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Fig. 2 Effects of lipid metabolism dysregulation on diabetic sarcopenia
E2 REBRAE AL HEER R AL E B 20T
PI3K/AKT/mTOR : i I ok JUL B 3 S8 it/ 1 i BB/ L sh W T A Z fU R 1 (phosphatidylinositol-3-kinase/protein kinase B/mammalian target
of rapamycin); Ub: 7Z% (ubiquitin); TNF-a: FEIRIEH T-o (tumor necrosis factor-a); IL-1B: FA43-1B (interleukin-1B); IL-6: K4

#-6 (interleukin-6); ROS: I%iM:%AJS (reactive oxygen species) .

like growth factor-1, IGF-1) {5555, FiiFPI3K/
Ak FLEN P TR AR 2 A 1 (mammalian target
of rapamycin, mTOR) {553 f 1% V2, %
Wil iz 8511 4 (glucose transporter-4, GLUT4) %
DBrsl BB U A 2 A B O SR AL R R T T
K, MUAKINALT “ReE A HERS RE . W
BF, INS @G AR S, (HHAR F 2 SR
W, BB BIIE SR A G U RE ) NI, &R
FAMREA AR, M#E DS kA k. BHET
A S UE 4 i 22 K T DM 2 % L IR AH G 5T
B A 1R DS ri A B Qi = o 5 LA D e T BB 1t
TR . ST A PR R, DSHEBE AktfF TR
U553 23 il [ %k Sk AR s P F - (forkhead Box O,

FoxO) MY#MHIVEN, fEff FoxO A# I iz % -
B R R (ubiquitin-proteasome system, UPS)
MO ZE S, LA ZE4E & F K (muscle
atrophy F-box protein, MAFbx/Atrogin-1) F1JJL A
WS B F8 B 1 (muscle-specific ring finger
protein 1, MuRF-1) HJ5&ik, M g8 ILE A
e, SR ZIANLI] TRE 1, X B DS
FORTERALHI PR B 7 AR . ARRANFE T £ DS 3
PIBRU R RS g0t — 2P ik . ieAh, WURIBE N2
21 (intermuscular adipose tissue, IMAT) ZiH {5
DS W HE R DIAIC o TR A # LT, IMAT 73
F AR H b —ER AR W% (adipose triacylglyceride
lipase, ATGL) Fli# 2 /24 g i B (hormone
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sensitive lipase, HSL) FJPBIEFEF . 7 DM #1155
&, ATGL HIHSL T P4 2 Al o] S SUR ¥ i i
AR FEEACE = it — PR, B LAY
JEEEMESIANIR 0 HETCT IMAT 25 DS #E)i#
(1) B IR AT AR XA B, AR OCHLEIA 7 2k — 20 B
Who 25 b, MR B R = AL #E NG 2 PR A P AR
. THINS S IGF-1 {5555 . il a5 2 i s i
A I IR B 8 5 AT, 7T e =4 5h
DS W E L Z—
1.2.2  JRFACIEHZEEL 518 M R A

PR R AT AR TR AL S B B U O
BRI . E RN IR REEROAEE . AL E R
TN DIRE, I8 ALUSTE 2R RAE (R S,
4% A F-xB (nuclear factor kappa-B, NF-kB) i
S, 74 H 4K -6 (interleukin-6, IL-6) |
IR HE IR F--0. (tumor necrosis factor-a., TNF-a) .
T EK-y (interferon-y, IFN-y) ZFfERH T, x4k
HAE PR AT B2 e i3F — 2 B NF-kB R H At
WO, TP A TR SAEPIR S, RREEAR
BN ERE . RV, T2DM BH IL-6.
TNF-o & C e N3 H -5 #IUsTR . 5 2
oK, Hk SR AE K ¥ 23 i IR, 0 ] PI3K/AkY/
mTOR {55l %, % UPS &24:, mAGIEREHR
SR, R RIE RN 25 DS B R R AL T R $EE
P ol AR, TFN-y il 3 Janus B 1/5% S5 3005 A
+ L 3E AT 5 B AR 3, ] 5 TNF-a PRl {2
WL ZESE 7 kR A OC R E IR T fig il 1ot 52
a2 5 DS #k R . S AR, ARl
PR A 57 38 AT 3% NOD FEAZ AR 05 % pyrin 2544
WU H 3 RAE/MAE, fEHE A% -1B (interleukin-
1B, IL-1B) B&jl. IL-1p nlaidifs S INS ZARJEY)
2 F RS WERR AL, P INS UGS %S, E—
ANEE IR, 45 BR B A 2L 5 40E S b = 8] £F
FEB VIR R HEE T Y RE PR A 43 3
SYMEIIMAT 323, [ IRIR R kil , if
— LA DIRE 1 ZE b, BR AR EEEL AT e
LT PSR SR N, INE IR, MR A A
WO R R AR, M S DS WAL KRR, W
BURIMAYIE, AU B ATE 2k 0E T T2DM., B
KA E VIR AHOCHIESY, HAE DS A& 2R K SRR
AR R —20 gk, R, SR el B e IUg
FARHIZE AL . FRARARAE SN, T RESE T 1 DS A
TETT 1]

1.2.3  JRFARI AL 5 LobifA D) he fens

ARG AR BT 2R AL 5 DS KA K
JEEYIC . BRI, e IRIAIR T = S B L
AR BT S5 DR, RS T IR R I R fe i . B
o SR V[ AT Wod TR N Y B
REMY AR 2 SRR T B I i R ot o 16 1 R 8
(reactive oxygen species, ROS), 1] H 4L f 41 g
JEE R ot AR T, I IS C-Jun 20 35 R i B
NF-«B A (55, FEURREM, ML HAE 5
U ZE LS A AR B G ER 2 R, S i
() ROS M il Ak/mTOR i #% , #1% UPS R4, Ml
HE BN U REAR 2 XN RS DS &k &
e kEns 5 MR LI Z 0] A I R A4 T S R .
EEERNE, A HEIEERY, DS KERBA
LR B T2 PO IR, 8 A DG HE 1 152 4% 3
8 AWM DT R I R IA A TR, A 1A s 1
FEAL, SEERITSNEDRERE 2, mEiER
FEREUHH B W dilR A b s, MEZES &Y
Atrogin-1 FRik Tt 2. X4 AR B w1 5
T, AWEIIResz il e fe g A WU A L2
4, MEREDS PR FACEHIEREL . SRR RE PR AT
5 AW SR Z B O RS2 T RHEAL R YR . 1t
Ak, BEBUACEHZEEL ™ A1 AGEs TR B 85U, #07k
Fph 2255 2Rl P iR, I 2 A 2
Uifg. HE—2M5 A, AGEs il Z &N S8
AMP R i 1 HE o W B
monophosphate  (AMP)-activated protein kinase,
AMPK) I Akt {55388 5 DA i UL A 22 46 LA K
LA RE R BE = R, AGEs i A& SAE [0,
JF#0E NADPH A 4L, SEIN7E3R T ROS 1Y & &,
e F 8 LA PN BT R (protein kinase R-like
endoplasmic reticulum kinase, PERK) 71 FoxO I
iRtk , SEHES L MAFbx £k THE, X EH
AGEs il i /1% PERK/FoxO1 {5 5 #6175 % B 5 L
45 7, DS kAR R AL T AR YE . 2R
I, REBfCIERTEL . LRiADRERAG . AL S
AWEZ RIAHEAER . ok, AT RetmIRe il
DS i i ) B HLL A
1.2.4  JEFUCHEEELS s e

AEK, MIEWERE R AR <55 IR i
AR, Ham s ARy A G . R AR
2 (short-chain fatty acids, SCFAs) JERY,, TEJGI
R R EEAEH . AR, T2DM,
WL Fi iz T8 S W O IR . S0E A5 iR AR AH B

(adenosine 5'-
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KU, B RERMEES 5 DS ALK
e 2, FEDSARET, SR AR B vl 8 s
WREZSH S5ThaE, BRI N IAE R a Y 2R
PR, TR L ESURE £, I
Bz BT RESZ 0 2O (EARER R, Wil
Haz 4, BRI Z 8 (lipopolysaccharide,
LPS) AlllL, FIERGNESAEFCHLIE, —
PESEITE STRE. MR, 20 LPS &G
Toll FEZAK 4 {55, ¥ Atrogin-1 F1 MuRF-1 fif) 3
ik, HRIVEMEZES . WEREINNE, BT
ZHR R IE T DM, U EAHCHESY, HAE DS
H VR I BLENAS &5 2 — 2P ek . o3 A Fo R T,
SCFAs Flid it “Wiimhh” W% G & A2 14 41
SEAA D AZRYE T INS Uk | BE A R A A AE i 1
P LACEPIRZS Y, T DM B
SCFAs 4= i/l , SCFAs nJ 3 i I ARG 45 B35 AL
Y I IR R 2K 2/3 454, (e T A i
BOFAIH, 0% IGF-1/PI3K/Akt/mTOR i@ #%,
WA E AR A . LAk, 7 SAMPS ILZDE /N R
BRI, SCFAs il i #11 il FoxO3a/Atrogin-1, Ji
7% mTOR i@ [, Wksg ARz, HBZEHEAME
B B PR, SCFAs AT BEJ2 % 452 17 18 TR 2R A
NEARE S5 LA DI RE T PR EZA Y, (AT ZHE
AR, H AT 2 A0 K F DM AL B UL E AR
AL, £ DS Y ELHAIEE #/, ARSRBFSE AT 2P
PRI DS 7 18 1R #E LR B e T A HL
gi I, BRBRISEEL T REM A A1 B R S5 H S5 D) R
SR, BIRIABEREIR | 2 SR K R
JA, HEMIEZNN DS Bk, $EoR DU B S
T S R T IR NS, AT RE Dy DS IRy T S it
BT S

2 EHTFHATERREESRELERER
AL TE B 53 F AL

LEARPLRIRY, IRFCHERALS IR, kR
SiE . SRR RERERS | i TR R 2L A B R
PIASG . B8 DS 9 5 SO ] T — B i L L
AE S W TR PENUNETS , a8l B JE
LA SR THIL M KA D RE s i /£ DS H,
183 T WERBCGE NN DIRESL , b 3 E AR sl
PIRAS, RS A B oA A o 20 A5 A B AL
RiPE (K3). Wik, RGEE W30 HE i
Jo A R 25 A2 24 DS B9 2 THLA % TR AR
FUR A R SR A BAR R i Bl USRI AT B2

FLE M E MBS XL .
21 EHEEERARNHEREEEBREZRN

R VNS A R IR A A 2 —
ARIE R iz SR m] 55 SErt s, 2 E A B
PERR S F g, BRI RS E PEA =  HEA
MEEIR, ZNIAZESE 7. BF5RW, 7 db/db A
RUER, B8 3R A2 A R A S 30 H & P T2DM A
R, BRI, BE5d, HrgkeHmhasniE
B IS B T I IR . R IR A3 A Ras AR
DiHR B A bis A, BRI db/db IRV INS
U, AR ERENR A A, ARG L
21 it 25 LT A e AR S I PRI 9T TR RE R B
BEFE 3, R 40 min PLRHIZ ), 1T 38 DS i
HIR, JHKE pAINITIRE, W/ KERLA A IMAT,
MM NLRZE 45 ™. Alexander 55 0 B 5% [F] A
K, BEJE S U, FREE 12 JE Y i R R) B 2k
(high-intensity interval training, HIIT) Fl4ER] 31K,
Fro 12 8 0 0t SN HLAE S A Bh T A/ RS
I IMAT i, I nl s AE 2 LR &
IS I INS K-,

UEAh, 32 B m] BE5E INS 2 1A P i R T K SF-
{2k PI3K/Akt/mTOR/GLUT4 {5 5 S8 i% , 347
AR LS IR AL SO A A SO R A, PG
fige A, Wk AR H PR IR AR U e R, T A
Atrogin-1 F1 MuRF-1 15Kk, MM DS 585 ML
SRR ZE s 4 [, HIIT FEAS 38 Bz 5
DI 535 7] $2 5 T2DM 3515 8% UL AMPK B 2 1k
KN, FFEGEMAE S IR, FIEEEI S =,
HAEVREN, EhEREMMEKE . TEEK.
Apelin 2 8 NPk, T2 ML S HALZL 2R
NI R I S 5 R I B S AR, b i ik
WL A ) g8 1, iz 8l iz sl IR 1] 3l i 330G
MR S i, oot BB WU Qg (2 o B L
AR ) A= PME R AR K AL, AT REACON SEZE DS i
by F B T
22 EFHEEERR S EREEEREELE

R HRE I A I A P 12 R JOE 2 I R
Y, %0z sh B e m] s WU E B I BB
BE LN AR I HE R 0 RAE Y, P4 TNF-a
FITL-6 7KF 0 AEJE 3R, F5ek 6 APk shn]
7] DS K RS NF-«B FI 98 55 1 B ik, ki
T8 MuRF-1 #1 Atrogin-1 fY 33k, 1/ i RAES |
(R R A ), bk, Frse 8 A Byl bt
BTG, BRACIR RIS S EE Y 2
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Fig. 3 Effects of exercise intervention on regulating lipid metabolism reprogramming in diabetic sarcopenia
B3 B3 T HEEERE R G E 4R AR X 1 BRI AL 2D iE R 22 i
PI3K/AKT/mTOR : i Jig Mk LI 3 S i/ 2 11 S B/ L sh W T A% X #LEE 11 (phosphatidylinositol-3-kinase/protein kinase B/mammalian target
of rapamycin) ; Atrogin-1: JJLAZE4E & FEM (muscle atrophy F-box protein) ; MuRF-1: LR PEAIEE A1 (muscle-specific ring finger
protein 1) ; AMPK/PGC-1la: AMPARK i 1 25 1 38 Al /it 480 Ak 490 Bl A4 38 4 40 384048 A2 AR y 4l 805 I8 T 1o (adenosine 5'-monophosphate (AMP)
-activated protein kinase/peroxisome proliferator-activated receptor y coactivator 1-alpha); FGF21: WZF 440 A= < [K F-21 (fibroblast growth
factor 21); ROS: It (reactive oxygen species) ; ATP: =R 17 (adenosine triphosphate) ; NF-xB: #%[KF-xB (nuclear factor
kappa-B); TNF-a: JRIRFEINF-a (tumor necrosis factor-a); IL-1B: [H4+Z-1B (interleukin-1B); IL-6: 14+ %-6 (interleukin-6).

K, WSS ERET OCHEESE AR RN T 3SR 3-H L M, (RIEIBIEAEAL, YR I 2H 2 A0 YR
I BEHTES A SR, SIER BRI GRS, I HE 3D B UL Y PR BT AR S8R A A g AR A K
0GB A 4E 40 B 4 K K7 21 (fibroblast growth W el I, AMPK/PGC-10 Fil PI3K/Akt AT

factor 21, FGF21) /PI3K/Akt {5 5 il B4 RAE . fEJZI sl IR E AfE . s DS YT 25
4 KA AR HiFaE, S T2DM ALY S,

SE/NERALZE 45 . RIS, BLAE g ik ] b g TIABERY], B2, FREE 8 JA N rh AR R
AMPK it ALY R RIS E BTG 2 AR y G Y B S SR AN IGF-1 K, 3 LD
F la (peroxisome proliferator-activated receptor y ‘&8 w I ALALINIERG T 040 . &R &
coactivator 1-alpha, PGC-la) “FfCUH ¥ BTG 1230 A HIT GeiE o B is Wi A P s U+, 4
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Exercise Intervention Alleviates Diabetic Sarcopenia by Regulating Lipid
Metabolic Reprogramming: Mechanisms and Strategies’
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Abstract Diabetic sarcopenia (DS) is a common but often ignored skeletal muscle complication in individuals
with diabetes mellitus. It is characterized by progressive loss of skeletal muscle mass, reduced muscle strength,
and impaired physical performance, which may further increase the risk of falls, disabilities, metabolic disorders,
and adverse clinical outcomes. Traditionally, DS has been attributed mainly to hyperglycemia, insulin resistance,
aging-related muscle decline, and chronic complications of diabetes. However, increasing evidence suggests that

lipid metabolic disturbance and pathological lipid metabolic reprogramming are not merely secondary
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consequences of diabetes, but may actively participate in the initiation and progression of DS. Under diabetic
conditions, impaired fatty acid uptake, transport, oxidation, and storage disrupt skeletal muscle metabolic
homeostasis, leading to ectopic lipid deposition and accumulation of lipotoxic intermediates. These lipid-derived
metabolites can aggravate insulin resistance, impair mitochondrial energy production, enhance oxidative stress,
activate chronic low-grade inflammation, and disturb protein synthesis and degradation balance, thereby
accelerating skeletal muscle atrophy and functional decline. Lipid metabolic dysregulation may also interact with
multiple pathological processes involved in DS, including mitochondrial dysfunction, inflammatory signaling,
oxidative damage, impaired autophagy, and gut microbiota imbalance. These mechanisms do not occur
independently; instead, they form a complex bidirectional vicious cycle with diabetes-related metabolic disorders.
Specifically, mitochondrial dysfunction reduces fatty acid oxidative capacity, which further promotes lipid
accumulation and lipotoxicity. Inflammatory activation can impair insulin signaling and muscle protein
metabolism, while lipid overload may in turn amplify inflammatory responses. Similarly, gut microbiota dysbiosis
and altered microbial metabolites may influence systemic inflammation, lipid metabolism, and skeletal muscle
homeostasis. Therefore, lipid metabolic reprogramming provides an important mechanistic perspective for
understanding the progression of DS from metabolic disturbance to structural and functional muscle impairment.
Exercise intervention is an effective and clinically feasible non-pharmacological strategy for the prevention and
management of DS. Both aerobic exercise and resistance training have been shown to improve insulin sensitivity,
enhance fatty acid oxidation, increase mitochondrial biogenesis, reduce ectopic lipid deposition, and attenuate
lipotoxic metabolite accumulation. These adaptations not only improved glucose and lipid metabolism, but also
increased the preservation of muscle mass, muscle strength, and physical function. Moreover, combined exercise
strategies may provide complementary benefits by integrating the metabolic advantages of aerobic exercise with
the anabolic and functional effects of resistance training. Based on analyses of publicly available datasets and
literature evidences, this review systematically summarizes the role of lipid metabolic disorders in the
pathogenesis of DS, with particular attention to the molecular mechanisms linking lipid dysregulation to insulin
resistance, chronic inflammation, oxidative stress, mitochondrial dysfunction, and gut microbiota disturbance.
Furthermore, this review discusses the potential mechanisms by which exercise intervention improves DS through
the regulation of lipid metabolic reprogramming, and outlines exercise prescription strategies in terms of modality,
intensity, frequency, and duration. Understanding the interaction between lipid metabolism and skeletal muscle
dysfunction may provide new theoretical evidence for early identification, mechanistic research, and precision
exercise therapy in DS. Overall, targeting pathological lipid metabolic reprogramming through exercise
intervention represents a promising and clinically actionable approach for improving muscle health and prognosis

in individuals with DS.

Key words exercise intervention, diabetic sarcopenia, lipid metabolic reprogramming, lipid metabolism
disorder, skeletal muscle
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