Reviews and Monograghs Eud=kars

0) D)Lt S i
Progress in Biochemistry and Biophysics
' 'j 2025,52(6):1418~1434

www.pibb.ac.cn

ZENE T IFIE E AR R TN BRE R AL HI”

]‘5-(] @-g.m) i,ﬁ%#ﬂl,z) i}j"‘\&)ﬁl‘ﬁ {%Iﬁ@ﬂé”) e géil,z) —%%ﬁ'?"ﬁ 1,2)%*
(VTR S, JUat 100084; 2 W AEKAE-IDG/ZE KICmFHEM IR, 5T 100084)

WE IOk, BORBZ RO R W IE R RETE I ARLE B9 AR AL P e R (. REFTFERY], 2 ahReigia i1y
B R AN INRE, fedbA AR R, A A, e E R QR RE . E o — R e ARG
T-BL, CHOESCRENS SRR, (HH AR MR e e B LA B 7RI sl i 4 19 1 B G AR AE R 1)
RN NGNS SE R G 7/ 7B L i FEREE ST S (5 I e LI B BU A B B U R I N aile St s 2 I Sk R | i 533
IR R (AR FC R AB) oe 2 [GRR ) “FRE, $RTH T RERAKF- LA NE-«B il B IR R 50T 5 5 4™ - T IR A e it
SR L, SEERRI TCVA; FERR A SRR B T - (R LIRSS S ORI, Ml sh stk
RIRERA L, I 18 e B REI A NG 2B T o IR RBTFEUESE, rh A i 2l m] 0 5 58 T 22 R VE T iR
Wy, HE B REER I . A, ASSCERE BRI T 6 B 092 3l T ARV ARAE B 36 Hh 8 S (EL R R SR AT 5T

Jitl

XEIR Egh, WHEwEE, WAREE, Y -Ig-h
hE45%E  R455, R574, R749

TEBAE 2 — R WA e, A AR
BOMERE, IRt S MR REN R DIE M Z T .
TEFYTINARZ W) B ARAE— R L RS 2R eIk
BAFTEESE . BIER . 28 &% RRE. K
I, RERL AR 25T 1T BOsCA AR AEBF
SE Uk Y T 1]

A, BEEEA ORI PR e, 1
TH R IVARAE 2 AL A4 T H 4852 300G .
W9 RIT, HVARIE B35 P REAAAE I 18 S Y 31
B, RN ZHNERAL . A 25 &0 FIA F E Y
Z . WpiBwWRE “AEY--I” (microbiota-
gut-brain, MGB) %l 5 HAX il 28 R G2 47 3] 1
i, SHMERIE. P2 - -
5 I &% (hypothalamic-pituitary-adrenal, HPA) %
DIReRy AT AR, NI 25 FA T4 o

BEWER—FAET . Za . GATIEAEL YT
FB, CHOECRSGEIARAER, e g RN
FitE . BRI, Ealfete i W iE E AR, 1Y
PG s R FRE, WA FH AR, TGS e
HERE . ILoh, iBahidretsid ot Z L & 2T

DOI: 10.16476/j.pibb.2025.0195

CSTR: 32369.14.pibb.20250195

ABAE 9 v o i 5P pk 257 SR L7 (brain-
derived neurotrophic factor, BDNF) Fik . {2t
ZRMA: . WM AR . KT, HETE T iz3)-
Y 3 G- ARIE = Z RIOC R RN A R, 1B
B3 3 5 1 TR AR IR A TR 1 oA
SEA A

PRI, A SO R GEAFHMRAE 5 11 18 B2
MICFR 3B T 06 g a8 B A T A FH A SOl
BRAE AR VA ROR , RIS 238 2 1l A= - - it
BEEMARIEIR TS TERLR], LU N J5 Sedt 58 S (i
) N7 1]

1 MEBES B E AR

NI A1 3 A T AT A IE 52 2%
EYeE, AWEdE . BHiE . WEE, RS
AP o, AR R 8 R 8 B AU
IR DA PR B
s IR AR

Tel: 010-62788087, E-mail: maxd@mail.tsinghua.edu.cn
Wk F 1 : 2025-04-30, #2532 FY]: 2025-05-14




2025; 52 (&)

REF, F: EEATHEREEDEIERE YL

*1419-

B 2o AR S 107, R gl o A
Ry IR M FEERRET, MiE R
PRI STl , BARGHRES . 299, )
FRERW, HOEBEHENRE. REfFRE
WY, IERIE B AAAE BB TR A, HARE
FEAFELI T IL .
1.1 FEE SRR

[HiB W ZAEME (diversity) JE48 BB RUEY)
RPN FEEE (richness) . %) (evenness) &
HojRe2E 5, e iE RN EZ s R, 2k
B AT R 2, RRHRE AN AT
o, M EEPEREIGE 5 PG FLRR R . SUE AT I 45
A o WA 2 JERETR TR R TR A
R R AR T], FIAE A 8 R
BATTZ ] He g g Rl . 22 IR g A A e
FPAEREAR KB, ARAE 835 7 1B R RE Y o 28R 1
(BEx N ZHEbE) FIBZREME (BFIS ZHEME) 3
W EARTER AR . MRS, SO R A 1T
RUPPARAE (A ) 577 IS I AB A ' 19 8 R
W o 2R E RO RIE . AT E RN
Shannon & FOFI A #24E 43 28 BT T{dt Fe X HR 4,
Jii # W] L Chaol #5 % F1 Shannon 35 5% F [ M braki .
WA, 5 —Ihi 5 i i B A 99 B FE AR (major
depressive disorder, MDD) #5550 {4l & FE %) 1E
) 246 2 BE DRI 20 R it 2R AR 2 504 & 3 . MDD £
HIE R B 2 E AL, Bk
FefE, HAR R MR RE (W ek @8
(Enterococcus) ) Sei¥4sH, HWRHACHTIGE (40
BRI G ) il T
1.2 FHa@ERD

Jo 38 R RE A g8 T A ST
(Bifidobacterium) . FLERFT T (Lactobacillus) F13E
B JE (Coprococcus), EANIAUAELERFiE 2
A BRI IE BEREDIRE . A AR K D
AR T g 8 i R RN G VR Y A O TR A OGS
H, R REGE T 28 BT K-, DTS 28R
A, IRt B A Y A A IR R (short-
chain fatty acids, SCFAs) RFFALRAE N o SR,
FERVARAE S5 i, X6 25 T 1 2 3 AR
2 55 Bl R B AR 2 R R, B e
PEARAE AV TE RS, SHAIRE A4 & AE FN K S 4% DDA
Ko (HHRE) (Cell) Zeik Lk FMWECHIIF AR 26
W, f& MDD /& & B4k, R BE AT H
(Bifidobacterium longum) W] FEW R TR, KW

WA BAAE R B IO B 28 5 P 0 o v A R ) 22
BRRE, BR80T B X i 28 ) R ™ A 17 THT 52
el teAh, —IEE K 2 100 2 44 BAE B BRI
SN, TVERBE fR A T 2 ER A R R, i
BT LLE L o e S A A p T R SR, T REiE T
U R A 24P VE T AR SE AR 1, 78 H A
LA ZE BT ST O ) — TR A, RSN B
43 4, MDD 8 M1 57 Z AR B il AT T
LEA T, R IRAAIAE 835 1 SUBE AT B AN 2L R AT AT
FE R, BRI, S ST i
KT 3.39%10%/g i, A AR A AE ) U 3G 3 4%,
T S 2 v LR AT I & 5 I T 3.09%10%g I5F, - #AR
SiE XU DU in 2.5 4% 1
1.3 BEEES

SR UL, IIARE B B A A N
FERI R FMBORE (N HmARE . Knr
W) AR R E I, —Jrm, FER KR
(Morganella) My A KE (Klebsiella) Z1EM
ARAE B Wi h 2 BEYEAE . e —T 5 TPt i
2 600 24 AT 1] 321 1 B i TR R R A T b, R
PR AR I T A 2 9 B P T S B0 A 3 T o B
B, EEAR LG TR AT REE O A1 R G 98 RAE R
N, NI AAMERIEAR 2 Ak, 7E 2023 4R/ —
TS DL PEAAIAE S 35 il v o3 5 o T I s
ARR, 2B AT A R e P S B S R K
K&, B RIMARREAT R 0 S5 —TJr i, FEIMARAE &
HHmiEERED, WA E R (Enterobacteriaceae)
FEEER B & (Streptococcus) B3 FEARL 2 3 T
XSRS B B e e, 1k
ZRRAE, WA . Hor, RN KA AT R
(Escherichia coli) 23 K, HAW™ AR
PRI RERSAN ] 0 22056 BT A5 LB 1, 2 Shh 22k
FiACE TR, EEmARREAR . WA B de i,
PR E BB Bl rh AR R B RE, W H BRI R
(Ruminococcus gnavus) FIRHEFEL (Clostridiaceae)
DENZ, JUHAEER LA E I, X2 A]
AE 38 o 7l 22 1 R B AR Y (g 2 0k
(lipopolysaccharide, LPS) ) JilJEIIziE &AE "o
14 BERBHIZEEL

J 38 T REAC TR 48 W 18 (%) Ak W i &
I B REFEALRN, KHREA R TE SR
AL RE R . dEAEZ . SCFAs M figtish i Z il
PR o S SRR AN SO0 T T g B % G
2L, T MGB s KR 22 R G, XS



1420+ EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (6)

i ERYNFEEVA Y . NI RE S AT AR A R GEE
SNl R N AT R B, VRRAE [
ER AR A A B E A (K1), HE
LRI N ERAW T Z T 8%,
SCFAs (JUH.ZWR . WIRHITR) TEAMARLE #4714
PG D, 3 8 SCFAs 2 5 18 1y i 3 Bt e Ty
REFIGRIE S, i I Rz i ftagst, HoKP
AR RN i TE R A 2P A B SRR 1 e,
AR R ) ZR TSR AW AIRAE 22 1 UL B
PPk ABPSEABE, o imiadnm (ks ) 8
i O PR VR RR, A IR (s

B SRR

e}

e

PR IWER ), [RIEEAMHINIEZ  (5-hydroxytryptamine,
5-HT) A" 454 AFEBAS R s P il it it 55
o, TABAE 8 I 18 TR Y A = R AR
WHRH IR TMARMAS ARy @ HE TR
(y-aminobutyric acid, GABA) i g3 E "> 2,
[FEF, 71 & MDD @B, T ARG Y fe
EHE CAUAFRT] . JBRERET]) FERE, &%
RPN IR IR PN R A2 BH, Bk
AR Fr R, 2R B brah App 2
TRy PERT, Hps b2 ndE i aRaeiR .

A 2 D

442.

e § 0 Amw § fokEE g

BRI AL

_______________________________________

_______________________________________

_______________________________________

W anlY &
_
(:\.f - ‘

WIZNTT R

Fig. 1 Gut microbiota characteristics in patients with depression
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Fig.2 Potential mechanisms by which gut microbiota dysbiosis influences depression
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(lipopolysaccharide); IL: 14+ (interleukin); TNF-a: JfJEIRFER Fa (tumor necrosis factor-a) .

BRI, 18~32 min/IR A iz S A & e A 1
AR ZREHERIALAL, 117 30~60 min/IR A
Aazghn] DL AR i B i R A, FERE
SCFAs 7=
32 RSMEREINEE

B RECE B R R TIRe, BRI IE R AE
IR, 2D B R AT A AR . ISR

B, iz s B 18 R P 5 SCRAs AR G 1Y
W EN L, WA T IR R (AT T
WFFJE ) APTRIARAF . SCFAs EfSfe it
B FEAR A AR R AME ST, 2P il o B ) 7
P, FEAEE S TR R SN, el
SRENRE AT ZAEI ;. PURICA R I AT LA
[ ARAEAY-, IS PSR Y A KU o %/ B



+1424- EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (6)

IR I, A FHitisshie L iRmiE b e
WA (Woccludin, Claudin-1) AJFEIL, X
— AT KR A B D RE, RGN, b
LPSHEATEA R G, SEmis R * . [RIAT,
18 Bl 8 BE MK 8 1 IL-6. TNF-o 254 48 H 7K
Ve, R IL-10 S HT R R 3RIK, A RUE A IE A
K IRe g

EARFE RS, R RS R RS
WORFETT, AaRR ) iz 1B TR T LA SE Ao i3 oo 2 4t
AR P RIS M, S B B TG 1 6 X R
1, DR RN XU . SR, S B
S E A B2, HidEEE s Al g
HHE B Z A TR, X e D Ret K i
s, WFERIT, o BRI 7B R i 2
FEPE B BT XA . XA AR T T e
SR 1B TR S AT, A 5 TR Y B
e A R, [FEE, oS sh i T e B
WER IR, IS, AE
PR AR YRR #EAMRIERS,
W Walw” G, EAUFEE S AR g
I, AR kA B SAE RN P
33 MERERBENAEIIEE

BT EE R RER R, FEARIIAE
Xf SCFAs YA 5 I, Blinome .. Wik, TR
FRAE 0, e ATIA Bt 2 Al A =, ANMURE
ot FEEALRE R, IS RBAS AR RS I AN Y e
by o) N e R e T R R (o A 1
KI, LLOPRA FE R L) Z — 1 Dorea J& -
FE SRR EEACOT BAEARDC, TS sh 4 BUAE N
iy i v, Dorea J& F B W 35 & T [A] 8 (1) XT A8
2] s BTNz T FnT 38 A s e g G TR R
TR, DA S S0 A A A I A AR ) e A
Scheiman %5 ™' R HL, K Hlis Bl SR Y R RER A
J& (Veillonella) F=FERAAE NHE 20 S Y[R
o4 5 22 [RER T @ RE A K AR N R HERR A FL IR
AR M LATN R ER M F 1 SCFAs, F-ilE— ARt =38
MBI A It ah e, INMTIESEE 55 . 4 Sis sl
DU IR, S —WE R Ag i, Bl AR
B9 E ER TR (Ruminococcus gauvreauii) F17] TR
N & (Anaerostipes) 25 TR J& A AR X =F B I 25 384
I i SR Ja R A B T RR S AR T IR AF
SCFAs ", THRRe (et 78 bR se e, BRI
fERHF (GIL-6, TNF-a) MR, WEEMIE &
EHVERIE, JFEE IR SO AL . 1t

A, BE 3 AR N % B 2 R B (Roseburia
hominis) 1B 5 2 [G TR A9 AR T = B2t 358 T A A
NHE YR A X PR 0 A T R R A A A
THRINEETT, X1 00 B Imia R . Bgmf G fe
YERGA 1o (AR 5 2 [T - B3 i B T iz
-l R - RIE T E S e L, 2 TR
F AL S RAE [ Y AR R, YIREA
A IG5 SCFAs KR 257 6 JR
SENFELIKOF B ORI T R EE SR TE B L4
FrR OB it BRILZ AN, 2 8hfehgi
WA RS SR . A8l = oK AR
R LPS Z5iE At A, DA o 1 ML R 2L
I A O T EGE LA RE IR

B, BIetEIE T Z R L 8 AL
WS, AEA R TA AR AR ST, [F]
A F RS, SCEIE RS DIGE, AT
MUARAE R = AR B E . (181 3) . BRI, 38 8%
TE A EAAR T ML R 2 — D5, DI
R BE T 3B Bl T TR 5 e T B RTE T OR W R R A
WA .

4 EHHNEBIFER S EER

AEE, 8IS SR 45 52 Bk
PISCERE . B il iz o T 1) ik e
WA RGRRYRYT ETF B RIMER, Bizsh T
TN AT RAE 24 832 s T H T LI &L
SR RAEEIRS K as . & HATHOA I %
& AR BARERIIRTT iz — B
4.1 EEHHEMEEE R EDHLH

1 I AR TS 28 0 A L R B FE LA JL
AJ5L

a. PR THLE . B 8h vl {2k DA, 5-HT F1
NE S5 B 2236 TR A B 5 6 . AN RB I
PSR AMEIHL, A B FREEs . WREE, %
CREIRAIEAR, HERE MRS, AR IR
g v, R, Bt MERR . NTRPERRRER
SEPR 2B TR Y S AR A AT o A
TR E R, W BT,

b. MR IRVERLE . FOARAE B B Rk b A
Z4i M BDNF KEREAR, DRk, AEEsh g
$ET+ BDNF /K-, Atk S AR giasint 1z J2 i pp 2
JUAFIG . SEM T PE s A T, B R ST
ICICRMELATERG . tWATFITRY, Zohieitm
KRR TE R, AT 2 R RS 57



2025; 52 (&)

HEF, % EhETEEREEIERERLEH

*1425-

TSR

ESEEE =S

IS RIS

__________________________________________________________________________

mmmE

| Fumn (GGl B e

i§ SRR Y gietim

= N wezzms |

30 32 60 min | | “Wl” W%

__________________________________________________________________________

__________________________________________________________________________

Fig. 3 Regulatory effects of exercise on gut microbiota
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Fig. 4 Potential mechanisms by which exercise alleviates depressive symptoms via modulation of gut microbiota
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Abstract Depression, a prevalent mental disorder with significant socioeconomic burdens, underscores the
urgent need for safe and effective non-pharmacological interventions. Recent advances in microbiome research
have revealed the pivotal role of gut microbiota dysbiosis in the pathogenesis of depression. Concurrently,
exercise, as a cost-effective and accessible intervention, has demonstrated remarkable efficacy in alleviating

depressive symptoms. This comprehensive review synthesizes current evidence on the interplay among exercise,
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gut microbiota modulation, and depression, elucidating the mechanistic pathways through which exercise
ameliorates depressive symptoms via the microbiota-gut-brain (MGB) axis. Depression is characterized by gut
microbiota alterations, including reduced alpha and beta diversity, depletion of beneficial taxa (e. g.,
Bifidobacterium, Lactobacillus, and Coprococcus), and overgrowth of pro-inflammatory and pathogenic bacteria
(e. g., Morganella, Klebsiella, and Enterobacteriaceac). Metagenomic analyses reveal disrupted metabolic
functions in depressive patients, such as diminished synthesis of short-chain fatty acids (SCFAs), impaired
tryptophan metabolism, and dysregulated bile acid conversion. For instance, Bifidobacterium longum deficiency
correlates with reduced synthesis of neuroactive metabolites like homovanillic acid, while decreased Coprococcus
abundance limits butyrate production, exacerbating neuroinflammation. Furthermore, elevated levels of indole
derivatives from Clostridium species inhibit serotonin (5-HT) synthesis, contributing to depressive phenotypes.
These dysbiotic profiles disrupt the MGB axis, triggering systemic inflammation, neurotransmitter imbalances,
and hypothalamic-pituitary-adrenal (HPA) axis hyperactivity. Exercise exerts profound effects on gut microbiota
composition, diversity, and metabolic activity. Longitudinal studies demonstrate that sustained aerobic exercise
increases alpha diversity, enriches SCFA-producing genera (e. g., Faecalibacterium prausnitzii, Roseburia, and
Akkermansia), and suppresses pathobionts (e.g., Desulfovibrio and Streptococcus). For example, a meta-analysis
of 25 trials involving 1 044 participants confirmed that exercise enhances microbial richness and restores the
Firmicutes/Bacteroidetes ratio, a biomarker of metabolic health. Notably, endurance training promotes Veillonella
proliferation, which converts lactate into propionate, enhancing energy metabolism and delaying fatigue. Exercise
also strengthens intestinal barrier integrity by upregulating tight junction proteins (e.g., ZO-1, occludin), thereby
reducing lipopolysaccharide (LPS) translocation and systemic inflammation. However, excessive exercise may
paradoxically diminish microbial diversity and exacerbate intestinal permeability, highlighting the importance of
moderate intensity and duration. Exercise ameliorates depressive symptoms through multifaceted interactions with
the gut microbiota, primarily via 4 interconnected pathways. First, exercise mitigates neuroinflammation by
elevating anti-inflammatory SCFAs such as butyrate, which suppresses NF-«B signaling to attenuate microglial
activation and oxidative stress in the hippocampus. Animal studies demonstrate that voluntary wheel running
reduces hippocampal TNF-o and IL-17 levels in stress-induced depression models, while fecal microbiota
transplantation (FMT) from exercised mice reverses depressive behaviors by modulating the TLR4/NF-xB
pathway. Second, exercise regulates neurotransmitter dynamics by enriching GABA-producing Lactobacillus and
Bifidobacterium, thereby counteracting neuronal hyperexcitability. Aerobic exercise also enhances the abundance
of Lactobacillus plantarum and Streptococcus thermophilus, which facilitate 5-HT and dopamine synthesis.
Clinical trials reveal that 12 weeks of moderate exercise increases fecal Coprococcus and Blautia abundance,
correlating with improved 5-HT bioavailability and reduced depression scores. Third, exercise normalizes HPA
axis hyperactivity by reducing cortisol levels and restoring glucocorticoid receptor sensitivity. In rodent models,
chronic stress-induced corticosterone elevation is reversed by probiotic supplementation (e. g., Lactobacillus),
which enhances endocannabinoid signaling and hippocampal neurogenesis. Furthermore, exercise upregulates
brain-derived neurotrophic factor (BDNF) via microbial metabolites like butyrate, promoting histone acetylation
and synaptic plasticity. FMT experiments confirm that exercise-induced microbiota elevates prefrontal BDNF
expression, reversing stress-induced neuronal atrophy. Fourth, exercise reshapes microbial metabolic crosstalk,
diverting tryptophan metabolism toward 5-HT synthesis instead of neurotoxic kynurenine derivatives. Butyrate
inhibits indoleamine 2, 3-dioxygenase (IDO), a key enzyme in the kynurenine pathway linked to depression.
Concurrently, exercise-induced Akkermansia enrichment enhances mucin production, fortifies the gut barrier, and
reduces LPS-driven neuroinflammation. Collectively, these mechanisms underscore exercise as a potent
modulator of the microbiota-gut-brain axis, offering a holistic approach to alleviating depression through

microbial and neurophysiological synergy. Current evidence supports exercise as a potent adjunct therapy for
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depression, with personalized regimens (e. g., aerobic, resistance, or yoga) tailored to individual microbiota
profiles. However, challenges remain in optimizing exercise prescriptions (intensity, duration, and type) and
integrating them with probiotics, prebiotics, or FMT for synergistic effects. Future research should prioritize large-
scale randomized controlled trials to validate causality, multi-omics approaches to decipher MGB axis dynamics,
and mechanistic studies exploring microbial metabolites as therapeutic targets. The authors advocate for a
paradigm shift toward microbiota-centric interventions, emphasizing the bidirectional relationship between
physical activity and gut ecosystem resilience in mental health management. In conclusion, this review
underscores exercise as a multifaceted modulator of the gut-brain axis, offering novel insights into non-
pharmacological strategies for depression. By bridging microbial ecology, neuroimmunology, and exercise
physiology, this work lays a foundation for precision medicine approaches targeting the gut microbiota to alleviate

depressive disorders.
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