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Abstract

Cognitive impairment caused by sleep loss is a severe public health problem, of which
the mechanism is not entirely unclear. Melatonin (Mel) is an endogenous hormone with
circadian rhythm, which can exert various regulatory effects through receptor or non-
receptor pathways, and is expected to be an effective drug for alleviating acute sleep
deprivation (SD)-induced cognitive impairment. Therefore, this study used the modified
multi-platform water tank test to establish a continuous 72-hour acute SD mouse model and
exogenous Mel was supplemented to explore its improving effect on cognitive impairment
induced by acute SD in mice and its mechanism.

1. Interventional effect of Mel on acute SD-induced cognitive dysfunction and its
model establishment.

Behavioral results showed that acute SD mice exhibited increased latency and path
length to the platform, decreased number of entries into the target zone, time spent in the
target zone, percentage of spontaneous alternating behavior, the ratio of central distance
crossed, and the ratio of central time crossed versus controls. Meanwhile, acute SD
significantly increased the plasma CORT and NE levels, number of Ibal positive cells, IL-6
and TNF-a contents, apoptotic proteins (Cleaved caspase-3 and Bax) and autophagy proteins
(LC3II/I, ATG5 and Beclinl) expression, iron accumulation and lipid peroxidation levels in
the hippocampus, and decreased the plasma Mel levels, number of NeuN positive cells, IL-
4 and IL-10 contents, expression of Bcl-2 in hippocampus and mRNA levels of pineal Aanat.
However, after intraperitoneal injection of exogenous Mel (20 or 40 mg/kg) in acute SD
mice, all the above indicators were improved except the mRNA expression of Aanat in the
pineal gland. The above results showed that an acute SD mouse model with Mel intervention
was successfully established, and acute SD induced hippocampal neuronal autophagy,
ferroptosis and apoptosis, resulting in neuronal loss and eventually causing cognitive
impairment in mice, while Mel intervention could significantly improve this damage.

2. Mel ameliorates hippocampal neuronal ferroptosis induced by acute SD

Compared with the CON group, acute SD significantly increased hippocampal iron
accumulation, levels of lipid peroxidation products (ROS and MDA) and iron import
proteins (TFR1 and DMTT1), as well as decreased levels of iron export protein (FPN),
antioxidant indices (GSH-PX, CAT, SOD, GPX4 and T-AOC) and the expression levels of
MT2, p-ERK and NRF2, and exogenous Mel supplementation reversed the above process.
Still, it did not affect the expression of MT1 receptors. Supplementation of Fer-1 (ferroptosis
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inhibitor) to acute SD mice could significantly improve the above process, showing a similar
improvement effect as Mel. An in vitro model of ferroptosis was constructed by treating
HT22 cells with Erastin, and the addition of Mel could improve the ferroptosis of HT22 cells.
However, the effect of Mel was offset by 4P-PDOT (MT2 antagonist), PD98059 (ERK
blocker) and ML385 (NRF2 blocker). The results suggested that acute SD leads to cognitive
dysfunction in mice by causing ferroptosis in hippocampal neurons, while exogenous Mel
ameliorates acute SD-induced ferroptosis in hippocampal neurons through the
MT2/ERK/NRF2 pathway.

3. Gut-brain axis mediates the ameliorating effect of Mel on hippocampal
neuronal apoptosis induced by acute SD

Compared with recipient mice receiving normal mouse fecal bacteria transplantation,
the fecal bacteria of acute SD mice were transplanted into antibiotic-treated mice (SD-FMT),
and the contents of colonic probiotic Lachnospiraceae NK44136 and its metabolites
butyrate were significantly down-regulated, while the contents of the pathogen Aeromonas
and its cell wall component LPS were significantly up-regulated. Along with changes in gut
microbiota, SD-FMT mice showed impairment of spatial reference memory and spatial
working memory and the occurrence of anxiety-like behaviors, the number of hippocampal
Ibal-positive cells, the levels of IL-6, TNF-a, Cleaved caspase-3 and Bax increased, and the
levels of Bcl-2, IL-4 and IL-10 decreased, while iron level and iron transport proteins
contents did not change. However, the changes mentioned above were not shown after
transplantation of fecal bacteria from Mel-interventional acute SD mice to recipient mice
(SD+Mel-FMT). These results suggested that gut microbiota mediates the ameliorative
effect of Mel on acute SD-induced cognitive impairment, which is associated with
amelioration of hippocampal neuronal apoptosis rather than the ferroptosis pathway.

4. Mel improved acute SD-induced cognitive impairment by inhibiting the
interaction of Aeromonas metabolite LPS with microglia

Compared with the CON group, acute SD mice, SD-FMT mice, Aeromonas veronii
colonized mice, and LPS-treated mice all showed microglial activation, increased levels of
LPS, IL-6 and TNF-a and decreased levels of [L-4 and IL-10 in the hippocampus, increased
neuronal apoptosis, and impaired cognitive function. Aeromonas veronii colonization and
LPS treatment up-regulated the expression levels of TLR4, HDAC3, p-P65, p-IkB, and
Cleaved caspase-3 in the hippocampus, while exogenous Mel supplementation significantly
reversed this process. These results suggested that Mel could down-regulate Aeromonas and
its metabolite LPS in the colon and inhibit the TLR4/HDAC3/NF-«xB signaling pathway,
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thereby improving hippocampal neuroinflammation and neuronal apoptosis, and ultimately
alleviating cognitive dysfunction in mice.

5. Mel ameliorates acute SD-induced cognitive impairment by upregulating the
content of Lachnospiraceae. NK4A136 and its metabolite butyrate

Compared with the CON-FMT group, SD-FMT group mice exhibited significantly
down-regulated Lachnospiraceae NK4A4136 and metabolite butyrate content and cognitive
dysfunction. However, supplementation of Mel and butyrate could improve the memory
impairment induced by acute SD, butyrate could not improve the decrease of plasma Mel
caused by acute SD like Mel, while neither Mel nor butyrate could improve the expression
of Aanat which is inhibited by acute SD. The results of in vivo and in vitro experiments
showed that butyrate could inhibit acute SD or H2O»-induced decrease in the expression of
GPR109A, p-PI3K, p-AKT and Bcl-2, as well as an increase in the expression of Cleaved
caspase-3 and Bax. However, GPR109A-siRNA, PI3K inhibitor (LY294002) and AKT
antagonist (GSK690693) blocked the ameliorating effect of butyrate.

An in vitro model of neuroinflammation was constructed by treating BV2 cells with
LPS. In vitro experiments showed that LPS up-regulated the levels of IL-6, TNF-a, HDAC3,
p-P65, p-IxkB and Cleaved caspase-3, and down-regulated the levels of IL-4 and IL-10 in
BV2 cells, and the addition of exogenous butyrate could reverse this process. The
ameliorating effect of butyrate was blocked by an inhibitor of MCT1 (AZD3965) and an
agonist of HDAC3 (ITSA-1), while it was mimicked by an antagonist of TLR4 (TAK-242)
and an antagonist of NF-kB (PDTC). The above results indicated that Mel alleviated the
hyperactivation  of microglia by up-regulating the levels of colonic
Lachnospiraceae NK4A136 and its metabolite butyrate, inhibited the TLR4/HDAC3/NF-
kB pathway, and attenuated neuronal apoptosis by activating the GPR109A/PI3K/AKT
pathway, ultimately improved cognitive dysfunction in mice.

In conclusion, acute SD induces cognitive impairment in mice by inducing
hippocampal neuron loss. Mel alleviated the iron dyshomeostasis and lipid peroxidation in
hippocampal neurons through an MT2 receptor-mediated direct pathway, and reversed the
occurrence of neuronal ferroptosis; Mel inhibited the interaction between Aeromonas
metabolite LPS and microglia, up-regulates the content of Lachnospiraceae NK4A4136 and
its metabolite butyrate, and alleviated the occurrence of neuronal apoptosis, ultimately Mel
ameliorated acute SD-induced cognitive impairment through direct and indirect pathways.

Key words: acute sleep deprivation, cognitive impairment, melatonin, gut-brain axis,

neuronal loss
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AP E L), XX B B K R, LR R UAR . Y A TE 454 R
TREDNREPFIREE (FUKFE, 2019). MBhWIERImEHEE, R 731
A AR A, JCH R VR AR I AR . sha ALk E . — (2 =h 4
LA A B, NI RN, IR R R B A R, 21
SZHE PRI TR SRR IO B B (BKEE, 2013). ARSI, ASSMmin 5 g
BRAR SR Z IS . fERTT M A4 2, BEIRAS 2 SO AR & WIBLS, e E Y
Wi 5 AN [ SRR AN TR TAE PRSI N IO B ARV . BT H 1 (2022 4w 5] [ B f
MERR () w, B AORERRIR G HEASEEAR, 3T 3/4 2 U5 WA MEARE L, 44%4E
BNBREE S LG, 2%0ZFANNBER KN, RIREEIE 21%. HERA
2, CEB RS IIGR — KA. BEE Rk R, AT IS 5K 1A
P 7, REERRRRAG R A& 2R 2638 0, [RIRE IR T 2 B B i kA2, QndmashE . A58
N TCIZARAG AR #2244 (REAR, 20200 o T X 3 [ okt o ) AR BR G IR %, 38
DY ZE— R g R T I AR FH A 25 W R 50 B A A2 7 R A AR 07 o R BRSO
(Melatonin, MeD) 2 HAAEBCT K NEVERGEE, XHEIR (15058, 20200, WA (5
N, 2021) FlflpiE (B35, 2020) #6 — @ FIRTER, (BERAARLEFRPLEMAE
3 o R b, AN A @ ST AR I EASES I Mel 1 i 2 B AR 3% 25 ( Sleep deprivation,
SD) /NRARESKRELL S I BEARAS /2, $RFT Mel & 75 LA R dnff e 2% SD 1551
WHNThREREAT , W1EE 9 N 2P 25 F0 & PO B HH 2 0 L I B RR A 2 BT B0 B A 3 £t
CIESHEE AT S

1. BEIR SHEARFIZ
1.1 BERR LA

ill|3

i
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HERR 2 —F AR POl R B A I R B AT D, Ak T B RAR A5 AT LAA X 0
BRI NIRTS, XS ATESN A BRI R (Beersma, 1998). HEARTI & A2 #
B, FEE 2RO NPT R, R REERR A0 2k B AE IR 2 5 S0 S5 A AR AE 1K o BRI
< Bl HE AR P BT 2> S EO™ E AR AE L W 28 (Vandekerckhove and Cluydts, 2010).
HERR P fe R AR AE T A R HES I, BAE 28 BRRICAT 304, SEALRERR RS
A AE TR EHES ) RS2 R, N e, B AR IESE (Cirelli and Tononi, 2008) . FEEHR
AT T NSRBI R K EE, FONE S THUA—E R RY 1/4 & 1/3 [ E .

1.1.1 BEERR RO Z X

e AR ) F AR BIRAS S e B2 T o B Z YL PR 4 7 A ) H A 5 A B R FE R 2 2k i
2, IXECH(E S 7ERERR T LA R U L (Ko et al., 20210 HRAE 3 [H BEHR S %27
SFE R, K RERR 7 AN A BB BUAFETE BERT B (Wake, W) JEPRIE IR TP B
(non-rapid eye movement sleep, NREM) FIRIEAR BN B (rapid eye movement sleep,
REM), ifi NREM X3 —547A 7 N1. N2 FIN3 [t (Silber et al., 2007), X4
BT U 2 2 AR DR 1A, 22 5 BRI A 38 5 FH SR s BRI 1) & M AE S 5,
B (EEG). LF. ESMA KL (Combertaldi and Rasch, 2020). JEHE B
FE RN o ¥ (8-12hz) JEaNEH], KU MERR )R 2 ik, X — AN ATRERiR 2],
WATREAENIE . N1 BB T3 TG BOIRAS )46 %, 72 EEG FARZ Fyidad th 5
J3R 43 BH B FR 2R SRR 3) (Ohayon et al., 2004); N2 B BT L & B [R5 i) 2k 4
A Z M K 25 H BRI E (Basheer et al., 2004); N3 [ B 2 i@ 3%,
XETER—ANBT “BEER” (SWS), HEMELmER A FmEE § ¥
(Nedeltcheva and Scheer, 2014). REM & SCNAK HLE A KBRS TE S, SR TG ER S
(1 EEG #¢, {EAEREE LA B _EULIAISK 7158 42k (Silber etal., 2007) . IXSEMEARET
BRI A, B EIR A 1200 90-110 704h, BEEIL 4-6 4> 4.

1.1.2 BERR AV BT (8)

P RS P ] P B8 0 A AN AR 2 IR v i 2 8] OB A ELAE PR A 1, AR E AT TR A 2R
P, e AR AATT B g ot 212 (e e ot R, O HL 5 BRI /065 A 1R 2D
SNSRI MR (8] #0A7 F 45 B I s JF H 2 RIS TS0 o SRR
(] R 5 HARFR RN 9, ARAR/INIKI 3 H 5 T o RO 2 T HL vl DA A K 1Y
REfE, DRI SRANHxt MRS 18] ) /5 SR e s 1 K2 s iy - A g 2218, HL
UM RR IS B) B A/ o LU AR B 8 AN 2 B — R AR [R) 75 R 7 18-20 N/, HEAR A PR
HRHS A1 O AN/, AR RS 22 3 /NI A BERR, 104 20 8 A0 B R B R AN 7 22 2

2
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/NI AN, YIRS SR S R [F] . R ShPIRER 2, REHEIIY
R, HERYGYED. WrERENMHRRZRE, FHFHRENRESZIETE R,
EATTRE R P BRI [A] BEIA 2] 13-16 AN/NEFs T B Zh Wi & 75 SR 5, I i
ReE 2%, tamb=¢. S a SRR, 752 IS e mra), i b
ARG e B TB) A B 46 %5 (Hummer and Lee, 2016).

RZNFEAE A2, A R AR A] N 0 22 2 38 BRI (8] (Taillard et al.,
2021). IARARE T N TAAAT S 2 i IR FRATT SR IS 1], 1h A T7E AR T2 e i 1)
I TR ORFFIE R, I3 BRI (8] A AR 22 7 B K o AN R R8 BE R A SK BRI 75 SR PR B[]
AR, XEHTAKKERTFRAE UK LEL TAK KB g, &
T2 MHERRIES AN RS, —RERTERDRE 12 DIHHER. &0 E
DA B RIERAIE S ) BEEERTER T, PRUETE R [P ERR A R 21 8 /Nb), ack BE R FE A
23 RO B R IR R T F R0 2% S a3k B2 o RO N 77 B I BEIRAR AT 75 4 N 2D, (BN AE“ AR
ot REERRGEST (8] 7 1 N BERR, 38 S0 REERR 1) AN R, I BLORIEAEIRIR 3 fUE NIRBEIR, 73
TN 5T . 60 % LA LB 9 NRERHEE 5.5~7 /N, B[ 7R 2k 38R PORE W25 A i 0 s i
N, FEREREMRFRHIZE 7 AT BIZ N, KIKNEZ A HER 2 4 (Mattis and Sehgal,
2016).

1.1.3 EEERRYEIBEE X

(1) HEfREEANAREE, RENIEBE

YNt NBERRARAS B, HLAR )& DUas B H ARt NMBERIRAS o HLAR I Al ¢
B TR, OEFIL R 2 PR, PRI At 25 PEAIG, WL B A NI RE EVH AEHTR
Ao WA, BIES SRR, At HORMURTEFERI REE . X T KW,
BN BRI RMXATS 4 T TARIRAS,  H AT I 70 J 30 R I Fsf 1 222 6 () 5% e 22 15 215
8, I H e REE A R = A0 RY . R N7 270 2 B BRI R 5 RO 1K &)
sRE TAERIEE (Yaffe et al., 2014),

(2)  BEARAEIG SR, (RRERRE

R AR P S0 9%2 ) A2 AR IR FR IR o SR8 B 0 0TS 2 ORI, 170 REEFIER S 0 ok X 2= 5
Wi FRATT B AR 77 480 32 8 1 S R ARG BP0 o AR M) S8 2R 40 ) R 2 51 R R E R
N7, T E R g B AN TRk R, I 2 5 B AR ST [R]AT 58 FE (R 3G I, {H A 2 P RL BRI o
TE S % 3R] im i B ARG B W\ 72 W e R i I dst, DA b fE P51 (Covassin and
Singh,2016). S b, BEIRFZI &ML SHL, 5EMURGEEA K, JF 7] s g
S5 SR AL B AN IOV o AEVRAT AL PR AR I DL T, BEERRALLP- ] DA Ik 520 ) LA 28 5E A
i, GnAnE R, Rk RIE NARAS o IX— MRS RN T BAE AR SRR AR IR AN 2 ]
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SR, S HREN RIE, FE5 &P RIERST IR OS, WpsRpE . Bk
FEREAL I 22181k (Besedovsky et al., 2019).

(3) HEMREE(EHAEKKE

BURRIAEK R B T ZMEIR . A8 s, Frd LB A — I RFEA T REM
BFHA, TF )L REM I8 21 HERR SRS ) 80% .. REM AEALARHE N T PR FERERR, 7E itk
R, A REHITIEE, AR TCR A ATERE, KINZ T 763% H 458 D)
At (Mander et al., 2017). XfTAbFAK KB RHIRI%)) L7 2 1 HERR & 55 O H E 1,
DRI W A 0 R 22 ) LA UAR 22 R i A D Re i A 52 3%, wR AR REIR P AT K& - 4L,
JUE A SRR AS OB L, BRI RE T, KR GEmAEREZR )
AT LN e R AR LR

(4) HEARAEEIEE KIKDIRE

TEIGREIIG, RIWAL TS %A HRES, P& oA E M RE B AEHT IR =i .
FEHENBEIRRAS I, KMG P2 e AT RS, (EJ2 K P R0 28 0 AN 2 4 gk
AREARES, FRATFIE L2 2 AERERR IS AR A3 2L, B RSRERE B 7 22 A B
BEATIN L A) SEBEBRLRAE, DRI LK 2 ZATE BRI AN A T #E AR ZS . NREM A1 REM
SXE R, M — B AT MRS, — B AL TAREOIRE  (Panagiotou
etal., 2021). MGk, £ H R AR 2 KN sidis 3% 237 A2 KB AR IR, 75224
PR AU R R BOA 3 b, BEERREESE (1 AL BACH R (I IA] o A FE N 51K I
MERR(ERE B-VERn i 2 AR, 0 B-VERD I H A2 /R 245 BORE R85 31 2 (1) BEAR
1, BT AR TE BRI IR R & 2R T A7 B ORI 2 S AL A2 R X G v By o, T B R
I R DN S B AR, 3 B R AR A% A O HAI A B I A8 7 A8 K I vh 1 2R
&g, R ITsE:, B8 7 RNTIEE (Lucey etal., 2019).

(5) MEMRAEDLENCIZ. HGaRIAEN

EIRBEAR & — 52 BN E WA R GBI RE, (B S f 03 RE A2 AT 3 i
BEIRRE k. fEREIR Z M Dhged, e smd e E I8 EE, e
- 5 75 B IS DR ) B I R AL BN A, X AT BE AT DL R B AR P R TR ) 3l 2k
(Diekelmann and Born, 2010). F.1F 1924 4, &4 HAIAAS E v X A7 FERR AT 77 40
BT Zofd il SLie R s 1 ERRG TiaZ B 4ERRAE A o BRI 32 ZAR R A2 DL, T
TG IR 2 AE RS I I e A R0 LB I 2 — NI, e AETR BRIRAS T 9wtd
(R8T B AN B W) B AN AR B R ¥ R AU AR AR, T8 G 2 O KL 2 W 2%
(Dudaietal.,2015). “JE " F5HIZAEM T “Frie” 2z oM, Ezh
R R IO T AR, SRV S LIRS, RIEEIRE, SCRENEE, X
FEGm A AL A2 A B4, RIAEDLRE AR A 2= 4 “ 2] (Klinzing et al.,
20190, JbAh, BEIRAEGSIRTIARIRE TS, WS @h RS —TSEEe A I, REERR 78 2 I 32
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HEPRR TAEPRIUE H €, 1M SD LIS 5# A aee )1 5% R E 4.
ATE R BRATH R 2, KHABEIRAS 2 21 R MBS R I IR BB SR
2R (Sharma et al., 2020).

(6)  HEHRAE AT 1544

BT aHE— RV, AT CVEHE Sk G4, W/ BB A A g 2 . =
JEE FIVAS B AR RN R 5 KBS, & S AT A B i 2 —, B E R 1B HEREERTN
f5ile] (Adrien, 2002, KR 45 BEAT A I PR B E R AR, BRGNS IE IR
W, 2218 80%-100% ) N AEHAR KA JHIAN R 45%-55% BN AEXUAH 17 18k b A5 7] & 30
2 J1RHR (Geoffroy etal., 2015). HERRERA:, ] an AR [A]y5c D FBERR AN L, 7E XA
1 BB AG R REAE 17 48 2 T B s I B R A B 3 S e, SR, X RHR
(6 TT AT LA Seas SRHRAEAR 177 LT 1% 28 Rl (1) A Je S st R 4 1520 (Gava et
al., 2019). [Hitk, AJ LK BERR(E IR TT B s 0IRAS 00— Tlabx, ol Bl o7 & RE
TEHHE L A, AR I35 EL BT & R B A 0 i R BB S B 4 i B 28RS

1.2 REARPERSHLA

M ARG P A5G A2 FH 22 Fh R 2R 9| AR BRI e 54T O, 5 BRI g e MR R it 5 R AT
2R, MEARFEAGE — M WLEOBs, B A 5] s o, 5o H AR TV Bl Re
11,184 SEBE IR (Xie et al., 2017). ([FEPRBEIRFERG335) B LLF 6 2K50%
X 53 9 R BEARAE JC PR PR fis o R PR AR I B . B PRTT R A IR S o AR R IR
HRIEF)ERS (Guillodo etal., 20200, Filtn, JMEHIRE SUE HOARBERRIN AL BT &, A
MR A, #faIfEok, SR, iRk E MHEIR . X FORER LA 220 L =k, FF
Gx/b—AH, FFER KA R G R HEIRATCIEE R = A DG, 12 O R
7] 1, 5 R AR S A A DG o A 40 b, PRI P 5 A R A R e A R B A 1) i SR, IR tH R B,
HE AR R A 1T B BOHT RS @ e 7 @ (Baglioni et al., 2011).

1.2.1 FEIRPERFAVIERE

(1D ARMINFEIEE. 455 S I

MEAR IS AR 2 Z RSN B B2 . 7E H BT 3, JBIREREERT AN,
Wy YT B, AR 1 NBEAR I [R] o Y2RS5 mibLiA Mel 233, TG KIS
(] (1) ' HR 2 H ik b SRAR 23 36 Meel, 36T 3 B LA HE LLEE N BERRIRAS (Park et al., 2015),
IEANAS R AR S ST 2 s M B AR, AR IR TR B, B RT3 T R 2018 3 LA R AR BAS
RS, X EOAE B 14T Ay 2 X BEAR IS T, 5200 BEERIR 1 57 & (Allotaibi et al., 2020

(2) KL
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= 5 P I TAE L oM R I JR IR 2 — o HETAE S 22 4ER I, IR 2 A TAEEL
TR K, Rt TAEE Z AT A E. Bt TR 2 T TSR E, BIH
N 24 /NI IRSF IR, PRABESS N B AREERE ANAHCIE WL TAE N 5. T I 5
PETAE U H 20 Y TAE 00 MR BB ERTAAS, I th A [F) 2 52 1 e S o 73
(Boivin and Boudreau, 2014; Kervezee et al., 20200, 4k, & ¥ TAEH R EKE
JI 2o M BERR ARAS , BRARIX SR NI B AR A [R] A2 A2 W1, (H A& MR o7 R L 22
BEIX N BEN 2 A BEAR FEAS 1 i) @1 (Caruso, 2014),

(3) A, LHRERSAMHE

BEE TR US I IG N, A 22 A IR MR B N AT R AR A & AN B R 5T TS P 1) 1)
AR, AR RAT IR kR OB . BENG SR . AR, BT R 22 ERE B
B ARG 8] 5 BT R N (Edéll-Gustafsson et al., 2006; Kontodimopoulos et
al., 20200, tbAh, —UIRITEIR AWM EE — LR, EAT A RGN
B FER, SR AATRIREIR 2. than—promdwmsy GBS e, 1EiE
J7 O B RN ] 5] A O Bhid 52 . MR WP DR M A AR A, X 35 2 5 e 6
A (B BEFR 57 & (Rajpurohitetal., 2014). —YSHHIATZY) (IR TEIT), Sl
X685 %, FELRFGMPETEL, X ol s M ERR 32 2520 (Kumar etal., 2020) .

1.2.2 BEARPERFAYIESY

MERRPERG P WRHE R RINIR . —, RERTZ, IWRRIMZFE, S50
PORAILC REE V). Ik, MEMRFEAS H AL 2 MG B 1 I R4S m o BEERR RS 1
M, THAA TN ET Z 0 UM R R 3R, R PP IERR IR : VL%
LRIEEAR R E 5% (Pittsburgh sleep quality index, PSQI), 1989 435 [F UL 24 & K 2445
B4 Buysse 8428 Al 7 PSQI (Buysseetal., 1989), s&Zid i6UEFE FH & )
2 HHEIRPERG PP R L —, BEE VAR 32 L 30 RAVMERRST & . 23R 0 R
fer s ORE RN B B AR P A 1 B R o 2 RE AT VA o T SH AR I B R R B R

(Stanford sleepiness scale, SSS), s&f¥i &) 2 HIIlG IR T B R PEAL FURFE G I, JE
TN N HERRFE ) 1) o 2 AR — IR SRt E AR IR B VPR, 252
WE WL . 1045 2 T 05E — K AN [F] I 18] B () & /W BERE S (Chiu et
al.,2017) o FIXJ [A]— B — R AN [B] IF B X WE B P2 3R AT EL L, AH AN () S TR B A
] LU AN KI&E A - REM BEARAT A 7% i A B3R, REM BERRAT 57 i A 2 38 2 H
T REM BEARAT A% I HFER (Simitsi et al,, 2021). FH 10 N, I
BENE. BESIT KRR, BOMMERFFIHRETHHNE. £ FHERE

(Polysomnography, PSG), PSG & fiti i I A I PR Bl AR A 75 o D740 B FIR 1 4 A 1
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(Hayakawa and Ohta, 1997).
1.3 BEERRIZF

DARARTE 7 2, ARG B ) AR A Eh i A] L GOBERR ). N NS DL S AL AE A
FEEF R, SEAATHIBEIRRS 8] ™ E 4554 (Troynikov et al., 2018), MEARAS E ARk
=Tk ) A I G . BRI 2 48— A B TR B E & Ji DA T ey I8 ) 1
WIEAR 7, —MRAREEIRD T 4 /NBF, SBUEZ. AL, iEThag. A,
OIEL AT NE — RN

1.3.1 BERRFIZFHIAR

AR i e R 3R] < ] 8 4 L AT DA B R SR <5 70 DAy 7 4 i IR 3R] < AR 58 o e S 31 <5
(Hale and Guan, 2015 24 /NEFEE DL E HREKTE BB PR N 56 42 BERR #]<F (Van Dongen
etal., 2003); fii f5 H BEHRES 6] /T 1 H BEAR A (8] 50%, HAF H BEAR Al 2R B AN 4L,
IXRMEARAE AR N/ BEIRRIZF (Su et al., 2021), ARHFHERTIZF KA 192% S00T LUK e
IR 43 Sy A P IR S 5 AR 0 M R AT 38 <5 o s e B I ) <5 i L (19 3R 2 RIS, KR8 114
IS 6] 52/ 2y 24h BEE 2 [A] (Pires et al., 2016); i 24 A8/ F REAR 1 <5 (1 B [A]EK T
5h, HZEDRIFHER="H, ZERIF T AFCOVIEPEREIRKIZF (Seton and Fitzgerald,
2021)0 WAL AT DARR 48 10 FL P, o BRI 1) <5 g i R 3R] <5 A PR B BIEFIR SR <5, 4
FIZF IR AR B BOA ISR I, OIS B R SF ;24 30 5 B BEAR [ BOR PRI, FROA R
R HEARRIZF (Scholes et al., 2020).

1.3.2 BERRFIZFHIIREY

M AR — AT o 1~ N2 R L) R i A& 5 B 21— 3050, (H 2 B0 B AR 1) %
AR R R AN TE A A . TENXS S H AT A S AR R RERR SRS ) A, 75 IS 4 1
PR IR SR AR BRI < AT LA 452 93 (1) FAR AL, DA R An o] B 47 R G IR S84 7« 3 B
JUP FH P e AR 1) < A5 1Y 1 7 9 S gk e gk AT 2508 .

(1) P & HEAR R <2

TE 1964 F H-F G BERR R <F 77 75 H TAE 70 I BERR K<, 5 >R 8L 21K B4
Fo . BARMIEAE 1R HER— K 400 mm % 340 mm 5 160 mm [FI7Kith, 7E/K
HWFIEAN— AN EAEFEE &, IK 2B EF ST 10mm &, K 1 R REBES &
EIF VST BRI R B AT EBE N NREM 8], {H 25 HE N REM I, 174 58
WLsK 7B B R, R ERFE A KT EEZEAN REM B SR A BERRRISF T 5 Re s 5
SRR, 3R B ilE (Corticosterone, CORT) & HI38 0 PL S MUK 9%

7
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P24 (D'Almeida et al., 1997). {HRZ I E WA —E kIR, Kb JRE —
Ry, BEIRAENEIE BIRIFHENR T H 1, (Hdh= 7RSS
(2) Z-F & HEIR I
7E 1981 4 21 & HEHRRIZF H T K S HEIR R 5 SL e b, i BIALR AE 51 6 MEAR
FIRFEA R edt, KA 1A EEnE 7 A, HEKHR R E — R K
B, RVFHAE 7/ FEH EEES) . Z7ERER G IR RIF 2 1 s iiEsh 236 .
R AZ AR v (1) R BRSNS TS IR AE T B i o 8 o R i i 2 i /D 5%, R
BRI NI ER 22, 25 5 5 M B SR < S 3 (R E AR 12 9 HAZ 7 V5 IR I TR K B
NEEESIYI IR (Benoit et al., 1981).
(3) R 21 & BEMR RISk
TEZHT AN 7R I b i — 0 SO e B AR 1) <5 52 58 S0 el R 21 & BEERR 3
ik, BARMHES — A 127 em, 98 44 cm, 5 45 em 1K, KR 14 4
&, I BAEKIH I E 4-6 A3, XFEBEORIE T RERRRIZF ALt H iy, X KR
FE BRBE40L T SRR R e, B s SR HERR MR R 3R PR 2 T BeqIK. SIS R AR Y
R BB IO S B LT B A O VR B, BAR A IR CORT M HE B &
(Norepinephrine, NE) &ML, RHKR 21 & HEIRREIRF 752 — MOy #E A
{1 e R ) <5 7 V2
(4) Ty I3 i Rel P ) <59
1979 Fi%J7 kAT HEIR R <F 280, W& F B8R — AR R & & —/ g ik
MR, [R5/ ik A% . Sikd hEE 45 s ¥ 1 Bl (WA E N 8 1
Do Z/DIESZERHT 2 RAE R KRB B 3 & B ES 1k, 3& SN [A] AT 3h
SCEO I ik ik 45 s 5 1 BT SRS, B R e R R AT g 3l ik
1)) < BERR ) S8 H 1 o I6SRT7 R RE I B M 82 312 A RI<F T )P0 I AR, (A B[R]
a5 ST, P ea T PUIEIR 3545 AR M (Stefurak etal., 1977).
(5) BFRFEIE
224 B AR %1 5 PR IS TRV I AT AR BN R BR824 T B ) <5 S N IR
I ELZN AT I LA BAR 8 i H 52 sl Wy B RRCIR A, 4 R IR BRUadE N BEEFIR N, FH
T RAAHT R BT e FLdke NBEERR . b7 VE TR AT, (E2 BT SR R, BRI <5 () i
(AT, ZTTEAEH T .
(6) Z5YHERRRI<FVE
JE I 45 RIS 259, WRTTIAMRI B 54T, BRI, AT EArREs . SR a2
H TSI A ZE 7, AWIER LR RISE —AREE, REIRRIFIAE R AR E R,
X 4 R HER P A S, DR 22 F TR R 25 IR i R SR B
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2. INFITHRERS IS AN REAR

2.1 INHITHRERI S BAL 51T A

%
e
i

WHIR TR @ B4, S0 MBEMESES . RS, B R OH S 3 R SR U
W, WAES . #2). die. B4E%—RVIDjEE (Reddy etal., 2021). A1)
R FRE 0 DU 2 HH T i 2 R A B A8 51 R 1) 2 ) 2 SE D RERRAS, nIPERE A T =
HWATHE SRS (Karussis et al., 2000). B8 EHEF AR R AR DL AT TG KR
B, NOZEAL RS H 2, AN FIThReRES (Simen etal., 2011), HAKX
P R GEIRAT VRN ELAE R /R SRR M <e AR 55 51 RS N EN D ReRafG, DL i 2%
i B R BE R 0 o N BUZ T (Kalariaetal., 2016), 5878 2o~ H a4t
REFREZEANFRNEAN, 82050 FR¥EnE—Z=F—aL+t/AN. IAFITh
RE B AS ™ B2 T AR VR &, SARRE . 4k T E R, RE—5RT7
i EEMEE Y (Maetal, 2018). PUAINIZY) (Xiang etal., 2017) Flr
[=%j (Zhouetal.,2016) HA—&MSEEINFIThREREATIIER, (H2 0 T &Ml m D)
RERRAS K R R LA AR E], B AT G ST 8 A BRI R R Y . BRI, IR FTIA
KNI BERERS 0 R AL I EHEAT B X 13697 B A B s s

AT Rt oA T A S ZH R AL A AR & R g R 2 5 2 ST RN AT
WA B A, JCHAE R LI K A2 #E (Fjelletal., 2014). 1E%
HOR, 530k A (Dentate gyrus, DG HIMURLAH A & H 27 18 57 8252 5k H W IR 2
AT, HRIR SR KA (Cornuammonis, CA) ] CA3 [X. CAl X ik
YHMOTE AT 4R R - DRk [ ISR 2 (5 B S B Uk B N Sy, B S IR B
5 BT S FHMNE] CA3 XHEARAN & CAL X HEARGNMT, T )i 5 J& Bl AT 4%
14 o Y T 5 1) SE BEVE IO B S ) 1 TR A el B AR 38, AN B B AZ I TR R
W22 B E 2 BT 2, BRI DA IC AN AR ez, BT
HILA K ThRERERS (Eichenbaum, 2001; Fanselow and Dong, 2010). 52 ak H B\ &1Zh
RE RS 1 PR 2R BB AN 3« FRTR ZRIF BRI DL G 26 v S5 1) ] H I 55 S5 M R T e
FIREER o 51 Dt 50 00F S 32 2 1) /0N BRI S S H B 35 kb, ST S A S R B R
KRR TR, CAL XFURREI M 0% B R PR AIK, MBI, W, MamE
FRI 22 22 fifi A (Caoetal.,2017) . B 50 R IR ZR 7% i BRI7G R8 3 1A 5 1A IR [ AR AR A
IEH N RAE/N, METTHERE T, WREELEMD (Adler et al, 2018). [
IR PRI BRI /) SRS et m] DL B b 22 o BB ks>, SRk 5 B0 Ay AR, SRk 1) B
K, SR TE A H RN (Schmitz et al., 2004) . hAh, A2 G vAF AR 35 25
/I (Schmitz et al., 2004, T 14 o S 1t v] H BB 2 e 5 X AP e T2, #RE ot
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HHPD . TheEERERG . 1EH R R Z R BIA (Livetal, 2017). PAEBFFCIRAR, 4
Pl 25 AL RN T BE 1R 58 BEAE XT3 7 S8 8 AT O R B0 e s R 285 H B AR A 0 B
BRAS A B E L SE R X

il

21185

W Dy SR RN — 87y, HEEDRER: 2], 1014 S EE N LS N 73k
AR, R 2 500K ZEHEERE « R L FRISRE S R ARG A ) B AR
(Bhardwaj etal.,2004) . 55 J& T 19 o B2 o1, PRI L& Bl 1 70 A AH X BOA7. . #H4ETT
Z B EREH HE O N B = FE A TP AL R A R R AL I L3 SO K B 2 52 LG
M i) i [X 2 — (Price and Duman, 2020), #UH B A4E NI 78 -5 I\ EAE B0 B #E ) 2H 21

2.1.1.1 55 H— RGN

R 2P 30 0 PR 5 O o = K A, D s bR RS, 7 A T 350 e I £ i 1 0
B fEAMI, FEES )5 R (Tatu and Vuillier, 2014) . [ 5 FR &6 16 (80 R ) i fE
g MELFIR C B T 254, K CARRME LRI /N CAGRAIRIE . Bl 5 KR
HOM4, B—FEREE, MDA MBI =R~ A, —EEE0 EE
BESELRE, S NIAE NS, FISETERF SRS EICRR— %0
PAT ARG S, S EEM RS @R, BT mEARREEEN, Fiiziser
Bl % 75 B VA BT i 4 R VR L, AL T B A, 23 AT T va) A Dy <[],
[m) FiH R 23 Sy Uk, W5 59K EIAHE  (Jordan, 2020) .

RGN RTY AR, SNSRI 3N TR fERdE. 22 K
PIX 3 ZAM I LF 4k AR, AT or . BB TR AR KR, mEM=E
JK (Chauhanetal., 2021). #IREINNFISMFJy: T2 BRLIMZ . 285K
X BikiE 2 VA, SERi S8R0 — 5 MO M, Bl 58 R 53— 857 RO N
. THAERSMESSE R, FigDSREMMES NS, WA= 24z
[F] 7N 2 0 = AR I R AT X
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Polymodal sensory
information

Hippocampus Entorhinal cortex

— Perforant path to CAl

L"* — Medial
‘ CAl B
! Vop [ \\ i Lateral
] In
=\
a— W\ —— ¥ @ ?
D N
lAssociational/ | g;rm:te ///( [ \ /‘J f‘ -+
;?’::Tissuml Mossy fibres Pergoranr path \\ \ g / J
to dentate gyrus ~ ///j i

Modulatory input

1-1 BSHEH
25 5% 30055 X CAl, CA3, DG fINMLEJZ (Chauhan et al., 2021),
Fig. 1-1 Basic structure of hippocampus.

Hippocampus regions involved in learning and memory: CA1, CA3, DG and entorhinal cortex

(Chauhan et al., 2021).

2.1.1.2 5 SRV AR

M DAL AR Z PRI A, ARG . BURI4EM . RlFR 2 oA ] X
YR, ¥ S A T B R AL, AR RZE, BT ARSI
[6 A LA CAl. CA2. CA3 Fil CA4 YA IX .

LRI THERIER 7302 CAL X, [ EANT FSEA y CA2 X B4 Jy CA3 X, {H CA2
S5WiArmr X IR, 2488 ZFMBATIX, CA3 #E— 5 9 2 Utk 5] 138 N
CA4 [X. CAIl XHERANM KAHS K 2~3 |2, MR TR, S8E¥ES
SsB01EARE: MR, Ho X 2HRUPIRS6EMIE. CAL BT NEIR,
BRI, MSZAERE (Zammit et al., 2017). CA2 [X 3= 5541 5 535 [ HEAK 40 i,
1252 N WALk EIXMENE4E (Pang et al., 2019). CA3 #EARZIEHE 7KL, WTIA
10 22 %, HERYIIEUR CAL 1 1.5~2.0 £, HERYH T 28 5 & 6 41 4k 1) A R
TR, MBGERE . CA3 HIHIT IS 2 CA1. CA3 X, MISCiAtHE. [TX
Koy PRI 1/3. Bikigifii g DG R4 se, TEmERR4IZ (Alkadhi,
20190, BURI4EMIA REEAIRZ, Ao 50 TEREME, MRS
FENAG B EZEH 7 o UKL () il 8 — 5 B A 4 YR 5 B SRR AR 19 55— A%, el
BEN CA3 XEESZE, MISETTIX . FURAIES CA3 HEMRANMI I Bl — b o e, 2

11
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XL RS AR 28 it (Kullmann, 2011, H B #2870 K 22 | M A (el s 48 e,
BRSSP 2 o % e e, B B, (EREHL AT T EEANE S 851 . TRk o
KA 3 PR TEANME: 2 oA fEHEARAN R A RO 4l ff 2 e an 25 e BR o+ =2 A Tl
PTG FEEAETERS 7= MITFEAM: S2mEs 2. TTX400E: £ DG 1
ZIVZ R IWLVF 2 PSS B T XA, 17 G r s 3 24 i AT HG A R e LRI 1 40 L

Brebzeousb, Db i = SN SR A L RE IR ST AT M, Gn B TR I o 4 B R /)N e Joi
YA . AR — BRI DA, 4 IR B 40 Mg A A = B E SR SCRF i & o fEH . (B
BEE B TE IR, A Tn B2 YRS 5T 20 M RN /)N i JoT 24 o Ik B AR TR ST 26, L[]
WZ 5 KIKIhaeE, X R HERZEITESE 2 RxBEEZR/ER (Tatu and Vuillier, 2014).

o3 AT S i BRI AR A AR SRE. £ CAL 3&IRET, 2
MR EKIER, AT THERE I T s i 8 (Ogata and Kosaka, 2002). #f
5o ERETREERBAMRE /N EERAE, H A3 ERGEZFELE R ) (Bushong et
al., 2004). 4, EEEKEAEAN DG 5iF % EMAEMAALEZESR (Wallraff et al.,
20060 fix BEZ Hh BN BT R 5 4 AR ST DX s/ AR 2 BB IR PR R R B
T AN . HEAR 2 1R TR ot 4 i L 2 5 = B B TR IR B A 73 S (Wallraff et al.,
2006). /MBI P AR A RS IR R AR, AEERE ORI N AR E R
FHREIEM (Rose etal., 2017). EAEFSEART, /NKBTEHMLE & B Bh A& 1 EA 1E H
AXH 22 28 G819 S 5T N DA v B 3 1) 0 R AN W o2 & B PR 8, USRI A 155 (1) A2 4k
(Frostand Schafer, 2016). #EARE T, NRBAERAAD, FFEMMZARE (5
BN BRAIMD o 2 R IR R AT, /B ST A TGS, ORI 2 ORE SN
FEZ5¥ (Nimmerjahn et al., 2005), Z2JE S P40 2 /MR i 40 s e &
4645 (Crotti and Glass, 2015). i AFEASHIBER, gk, BRAQssE, 2F80h
JB2 T 440 L ) T S A D RE O AR, W AR I K SR, AN N A 1Y) T e 4 A
( Aldskogius, 2001 ),

212 NEM51TH

WER FR SRR R IR L A0 O B S B (1O B R DA SN D B 52 R I A BV
21, R FH R 0 Z P EAT I FIAE JCHTE FE I 75 B4 K vk AT R o BIAT 2 R 732
TEARWT i B2 7 FE 15 DA BRI 82 & J8 (Price and Duman, 2020). H §if 3= %
(AT A2 LB BAE 5 S0 AT SRS AR AT S | R BAT SR . RURAT R SLEs
HRIESAT NS . AT AR BahAT NsEis . i hsese .. BHEAT e
AT SEIR S . NN T BEAT R ERAT

2.1.2.1 ZFIBIZIT SRR 7%

12
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2 I AEAZ 8 NEA HAM S AR PR i 5 2 50 20% 3 AT N W PR AR A Bk
S HAFEUBAT AN RN FME S . I dESIEZE B EARR (Paul et al.,
2009). 1937 SEENL A NAE RS B R 2% SIE 12 AT N SRR T i . 1939 SEEENL T
T R ER TR B R Z BTN, KIS HE fe 288 & 3 e gl es
(Deacon and Rawlins, 2006). 1979 &, Barnes & | LB KE (Barnes, 1979),
BN TR R, BT HORAE BIIR R R, U R sh a8 1 A0 it $2 7 2178 SR 1E JEE S P
PH 2 2 7 5 H i o S KRR B, 7E 1981 A5 — I e T oK R 4 (8] e A7 i 7 A
HIBAIA . B T3 DO K BRI, SRIa s PIFE K R SRS T K T B & . 7K
HE TR mE L S I A 1R A SRR AZEE JT, Tz N T AR T 2 ) s
(Morris etal., 1982). 1989 4, WIFEN kTS RAX B a3 VIR IR R R, 57
TR AN 7%, 7R T /N BAR R F R B R AR, B 8 R
BN, HANFERL2AT AEEL (Aggleton et al., 1989).,

2122 [BEITASEWAE

TEERT R — AT, AT AR SR . SR NRERAEES, &
SEXT R M EYAT IR, (B2 oSS RIA, FIt A iR s
(1) R T B 5 AR 7 V2 S IR BN 1 28RS

FIARAT R A2 BN THI I AR B S DR 22 K 18 MR A, B PURERAR  AT 4
Y SRS % N (Hao etal., 2019). 1934 4¢, Hall 3 TSR RIT N
SRS, WS MIAE I G A R IR AT N RS Y FE IR 1 28 (Kraeuter et
al., 2019). 1968 4FiEid KA 1 To B YA F DU ARE o BT . 5ail
TEvKREGAE 1977 FEd i kil K/ B BAT VR S 3AR 479 (Yankelevitch-Yahav
etal., 20150, 1985 /g ik 5 FH T X B AR 4 ik (Canetal.,2012). 1982
7K A 8 FH TR 0 K B TR MR K BN, PR AR S A AL Y PRI R RS
(Gross and Pinhasov, 2016).

FEFEAT AT L Bl A P 5 R 2% 0 BRI L R L T T 1 o 5 AR AT
(Brown,2019). W75, S48k s B . Bra s aimm e A T R
BN EE AT RS o 28k RN S50 38 S P B B4R U Re R0 R ) 8
PRI RP &R, F T HuE & 25 i o S AR AR AL BRI 7 o W37 SR Bt 2 )
NN PEAE A )RR, AR R XSS, 1E T R X B B R, i FE)
YW EEREAT 4 (Prut and Belzung, 2003).

2123 BERIITASZW X

13



e [ e RS 24T $— BE

BT NS T BAE— S AT A B3R S 7E — e i TR 9 12
BNERATRENS I SN (R3S B RE 7, 188 I 35 50 RN~ A0 RE % S L3 M 16 1 1 32 B R
775 @k KON B & R RE A8 S BB I 70 JEEAS F i 3hAT ik, X3
VIR 2 MAT NIREATRI, ERin®k. . MRS, X AT NI T E s e T sh Y
T TR (Teixeira et al., 2012).,

22 INHINREFERS 5B D HATTER

WD REFEAG AR A E N FE NG, & —Fp B AR5 ) CRLES= 2] i1z,
JEEIFN ) AR R DR RS . —BRBE SO PUTIhRE. AL, &
HUZBNRE. BT . EREBRIARESIAFISE 6 Pl snae Jiskis, 8RR NEIR,
HATREA I AEMIOR FE (Sachdev et al., 2014). INFIFERS R R Z R 2R, Xt
RIUUATBSATLE, (HZ M. bl 5] S5iciakang, 78K 5 2 sl 5 1A FH
B2 453, ] 51 AN [ 2R B LA Bt , Qnsti i 5 X 52 40 32 2 5] 2 Al e A2 g
WP, AR F GRS ARG, o F R R, B RE. KL
NG . KNI REFRAG S A 20, Qidkiel, Wash . FxG s, B s B
B 23R R R SR, AR AR AR 9 N\ A DA BE ) A G B, B T 1 AR R <
SHNFIThBE RENS i B0 2 B2 (Poulose et al., 2017). 45 D45 R FLmt, &
TCAIE MR RIS S T AR D ReREAG 1) A AR AR A2 b o TP oA N K fH 2
TESN EAEPATH, A ITCHIIE R DR TIA D Re AR S R B 0 H L, SR U4
TOH IR RS, AU R B A AT 38 G 1t I 05, 744 440 50 o &4 i . g de o
BB E R T e A B AR 2 HA S ThRE 1 4%

2.2.1 EFTTERBER

T A dr B b, QUL AR T & — A ARSI A S 2 I AR, R 7 s AR
YA 0 e R A A 2SRRI . 5 EAMIRAE T AR, 12 PEg st
W R — RIFEWEFEAE, B— A€ RN AT . PRI, B E PR R A 4
JIAE T R ST BT DR L8 R 8L 73 T S —— X € T AR AE T ) S L o ST
MPIAET R I AE 20 A R T- MM S ZE RSB, HRiRA 1
AOETAD. IR (EEAD I8 (BR%E28) (Schweichel and Merker, 1973) . 1E
ERJL TR, BEEFEN, RS2 Rt AL I AT &t
T2k 12 MiREMRAE T B, AEE IR SN IR P 4E L E T Cintrinsic and
extrinsic apoptosis) &R 5% 4% 7 I 5 IR (mitochondrial permeability transition-
driven necrosis)+ ¥£3E (necroptosis). £ET- (pyroptosis). FIRZHHEFET: (NETotic cell
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death). VABFIARIKHIME (lysosome-dependent) F1EHME (autophagy-dependent) & #5i4:
ANPAET. . s JE 4B AT (immunogenic cell death) FIEKFET: (ferroptosis), fF—
ML RIS ST AL, 4R SRk A A SEIRE E A0 RAE TS SN (Galluzzi
etal., 2018),

2.2.1.1 8T

5% [E VAR 70T Stockwell BR HF FCRATRAAE 2003 47, Jd i =il S i i 50 254
IR I —M/NG) 1 Erastin, RE4%15 5 B0 [ 548 (2 gE e i b eg 0 M R SE T, T I
SETZ 5 RABAE TSI 70 TRy i A8 X0 SR T, AR T RIR e AR 4 i A8 T 05 3K

(Dolma et al., 2003). 2012 4, ABATTHREIX MR & - O AR B S8 A P & AR T 51 1
AHAET )y Ry 4 ABIET. (Dixonetal., 2012). ZRAET AR T 2R —FhatT 7 =,
MRAEYICTIRE, 40N E Fe? /KFFHE (Hirayama et al., 2019), 2t H K S =8
b, ERRIARAR IR Z 4 UL R SRR T 2 FE 1S )2 567846 (Sunetal., 2018) . H FIXT-8k4E
T HIB TR BRI N, R ILRAE T 40 L N RS B 52 2% o 4B IR A0 T2 IR RRAIE 2
GPX4 DiRefae s, i & 2R A 5 i 3588 o A0 JBE RS BT i 0 B 44k (Magtanong et al.,
2016). Rk, RABRIET- MR IEHLH] 2 LU JLA AT 2358 H K (Glutathione,
GSH) & 1 2R M4, 23 Dk H I Ak i 4 (1357 (Glutathione peroxidase-
4, GPX4). MirLile A A B KEEX KL 71 4 (Acyl-CoA synthetase long-chain family
member4, ACSL4) JEACHH. BACH, HEKRERS . MAR-BARX MFisEH R
4t (Conrad et al., 2016; Doll et al., 2017).

(1) BRARH

BAE RN —FEMIE IR &8, TS5 3 B &8 s B A AT

(Hassanniaetal., 2019). fEIEFEN T, AW AAFAE, B Fe* Ml Fe¥'. + 18
PR PP R B B LR B B 1 45 &) (Transferrin-bound iron, TBID) 1 28 i 1M1 2% 4
KRG, PEIA NS AE S I 5 (Blood-brain barrier, BBB) 1A KN, I b#
Fit F D A3 ML P B2 4. ( Brain microvascular endothelial cells , BMVECs). S
A AN S A TR i o BRI As i N B B B AT 43 R PR R AT BE FRATL A o B — e i e A Y,
e ER S AY)EL BMVEC éﬁiﬁﬂfﬁﬁauéw WAk, JEilE BMVEC K& EEH
FRERIR MG . 28 —Fht g g s, B il 5L H 24K 1 (Transferrin receptor
1, TFR1) SZARZEG AN R4, A5 EE 8 Fia8k®k (Ferroportin, FPN) #7%
H N 241 (Kakhlon and Cabantchik, 2002). 5 Lo R A5 —Flt TF-Fe3 AN [H], h{E
Kl eh AP AP A7 A8, B TBI (TF 455 8k/E30 M NTBI (3F TF 4558 EHD. X
e RONEMEAE R BT, TF el 2 e WA, G Smm it

15
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=

30%, Kl NTBI & —FheMEtEgli, 4ERrmig-Pir. /& NTBI #1, 58456 1En
TENEYAIEFERR. ATP Bifidh M (Knutson, 2019).

Erastin

p Vildagliptin .
E"as'l'&'é Cystine DPI Alogliptin  Glutamine E)"O
Sorafenib a ®) GKT137831 Linagliptin @ —
Su1fa§2?ai?ne l Salnb = = TF LTF
v i w
Glutamate z =2 ARceyiin, o~ E < -GPNA o X
5 © o o ® O 2 g =
B | = = o w (3}
i w @ a2 ® = a
Methionine l l Compound 968 NCOA4 : & Il
o0 0 L Eecniibr O"'Q
Homocky,s_teigsa = l r,_ GLS2 err 'joP agy End(_)a;a:l:a
Cystathioni tei Glutamate FTH1 T(‘_} Fe?
e e GCLC S GOT1 FTL SLC11A2
BSO+ | AOA-
Sl r it r— Storage
S550 y-glutamylcysteine VDAC2/3 o aKG < ACL T l
Ac-CoA 15 —ass Succinate M/196hondnia citrate ., Ac-CoA " @
4 NADPH «—> GSH oF P -8 © < Hemin
HMG-CoA l \__—RoOS I Mal-CoA RAB7A Hemoglobin
— "
Sutins | | EHGCH " Fumarate Malate ~FASN' Lipophagy eonamyEin
Mevalonate —» Se —» ( Se GPX4 | RSL3 / — r i
B N:rfssz Fermpllocide Fatty acid LDs :
Isop yl pyrop P —> Storage O DFO
FINS6 + | et PRDXs TXN *® 4 @ CPX
F I pyrophosphat PO, I AAIAdA TPD52
ki Py';f it DPIs L -~ dcavi ACSLA |Rosigli
FDFT1 -+ ROS osiglitazpne
Squalene NOsz/| AA/AdA-CoA Triacsin C
el CHMPS | | |wpcats
Squalene-2,3-epoxide GCH1 CHMPE RN AA/AdA-PE
Ferrostatin-1 gep e ' ' ALOXs «—— g —» Fenton
Cholesterol [—»Como Liproxstatin S BH, ESCRTI . reaction
LOOH T ROS i
a-tocopherol 1 i 1 G
i BHT. ileuton
iFSP1- (AIFM2 4_‘ ot
— R 11112 sl el PD146176 PEX10 PEX3
' Baicalein l
Membrane oxidative damage LOXBlock-1

l & PUFA-plasmalogen < (oa
Feroptosis -
o

12 KT LD FIFIRESESIEE
BRAETo R A B e R A, BIANRTE B s OoBR A (B, b e s R A =
PRIURIBE INEREE O, AR EE i@ EE (a1 GPX4 40D (Tang et al., 2021).
Fig. 1-2 Core molecular machinery and signaling regulation of ferroptosis.
Ferroptosis can occur through two major pathways, the extrinsic or transporter-dependent pathway (e.g.,
decreased cysteine or glutamine uptake and increased iron uptake), and the intrinsic or enzyme-

regulated pathway (e.g., the inhibition of GPX4) (Tang et al., 2021).

AN AR HZ M EA M. Fe M TF KB &8 TFRI
A NI o FEAZ N A4 T, Fed R AT 271 iR 572 3 1 6 N i Bz 471 R ( Six-transmembrane
epithelial antigen of the prostate member 3, STEAP3) itJikh Fe*', RfFENL M &R
124K 1 (Divalent metal transporter 1, DMT1) 4T IE R BERGE NG N ) A2
SEBRM R 4 N AR E BRI R EE 2 A L ), B R MG RS AT 24 A4
BEE (FTL) Ml 24 ANEEE (FTHD W ] IS 5 ERR SR AL I F2E (McCarthy
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and Kosman, 2015); L% Fe* i@t i 1 FPN %t 4n i, 4% 40 B B &) el 17
hephaestin B¢ 1 & 410, )55 TF 456, HHE A (Belaidi and Bush, 2016) .
BRESAS O A1 A A7 AN P B, 3X AT A2 I B (R 51 Rk FURr e T s 4 i At T ()3
pa

(2 JRBAC U E %

T N B FRAR T FE D 2 S0 T 1R 3% o i PRI S AL I AR SR R AR T 1 S
T2, PUFAs fEH A iEHEEMEH, TLHELAEIERR (Arachidonic acid, AA) FI'E
HRER (Adrenic acid, AdA) (Ayala et al., 2014; Conrad et al., 2018). ¥z A7

(Bai et al., 2019), ACSL4. ¥ A% i M A Bt FL 7% #2183 (Lysophosphatidylcholine
acyltransferase 3, LPCAT3) FIfEA DUMAER 15 5% & ¥ (Arachidonate 15-lipoxygenase,
ALOX15) ;&M BRI I EZRE, 7Rt B CEEER . ACSL HIGH
}& ACSI1. ACSL3. ACSL4. ACSL5 fll ACSI6 TRt SRR, EATHRRER HE R 1L
NSRS a (Tang et al., 2018). HH, ACSL4 Al fi#itk AA/AdA £ AA/AdA-coa

(Kuch etal., 2014). LPCAT3 7:lf AA/AdA-coa fi NiALIEAE PE ', = 5#AREL 2
B -8 ERR /A B VUG RR (PE-AA/AJA) (Kagan et al., 2017) 2R ARI & . 76
ALOX15 IfER T, PE-AA/AdA WJ it — %ty PE-AA/AdA-0o0 (O) (Colakoglu et
al.,2018). HHTIA A, PL-OOH IR B 28k 3 1) — > R E . GPX4 R WA~ GSH
DTN TFHME, BARFULE LS (Lipid hydrogen peroxide, PL-OOH) &5 A A5
Jiil# (PL-OH, lipid alcohol), MG BEF1T (Forcina and Dixon, 2019).

(3) GPX4 i@

A 5 AE 22 8k BT It B AR R i sk S8 A, Rl A I T IR e DR
HE§ (Ou et al., 2016). GPX4 & —MEHIEEN, T e ML T CH 17 A
To GPX4 i8R I I A e A AR R B S SR B A ) i o i Sk . K
W], GPX4 HIBRRIGIN 1 EARIEOS TS T 1) 5 el o AR B S8 Ak i B A
AR RIEIRIEIE . GSH Y& MM GPX4 ML, PR =& A b H ik r <
B, ATLUEE X2 R4 5 N, W LUEE KRS RE A K. RS Xe—&—Ff
Tk T LA M IR R IR L Ia 1k, et Bt R A — 5y . %iiE
R H—A RS (SLCTALD) FI—ANEEE (SLC3A2) AR Rk, R4 Xc—
DA 1:1 BEIR B AZ $a 24 PR P9 () 45 S BR A A0 B AP R I 280 BR o Xo— R S e 11 e 2 IR e 38
NYEMERR, SHERMHERSE S, ARAMHIK. B—m, EEARE IR
ARG, PR ER (UERREAR B A48 CBS) BIEM M v
M2 I R BRSP4 I R 2 LATE AR Hh 4 5 2 08 19R B, AT A X 3R
45 X~ G S g T- A Bt (Cardoso et al., 2017).

GPX4 WE I E IIRe 2 GSH 125, GSH & GPX4 HyiiBh A & Ky
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(Yangetal.,2014). 2R %5 Xc-HAMhilnT, b M2 Rag e/, MimFE GSH
AR AT GPX4 DIRESZ R, WA FEEKIT: (Feng and Stockwell, 2018). GPX4 /&
— S A AR BRI IE S M ORI R (Angelietal., 2014). AlAR: A
ML B AL S A2 UGA, S5HZ RS TAHE, A1 f 5 2R R Al A I e
tRNA (Selenocysteine tRNA, sec-tRNA) (Bridges et al., 2012). I sec-tRNA [#IjfE
WAANT] /D B S T 2 SR YR T B 2 IR 1& 12 (Mevalonate pathway, MVA i&42) )
(B R EEBEFR 57 6 (Intermediate isopentyl pyrophosphate, IPP) (Angeli and Conrad,
2018). HIT IPP ) MVA AR HZ =Y, 123428 B30I 7 5% BELAG Al Qo e 2 iR
tRNA %23 A0 GPX4 )& 1K (Moosmann and Behl, 2004). MVA &2 5 —1 729
FEHEF Q10 (Coenzyme Q10, CoQ10). B-#23E& B-H 3L & —Fk-CoA (B-Hydroxylp-
methylglutaryl-CoA, HMG-CoA) it HMG-CoA &1 i1 2. Fk-CoA Tk, SRGHAL N
HIEEIRIR, S5 H HMG-CoA & JR Bt H 5 A CoQ10. il Q10 & —Fom K4
MR GT AT, B 72 A A BT 0 R AETS (Ye et al., 2020).

2.2.1.2 AT

£ 1972 4 Wylie Kerr Al Currie #&H T 4HBF T-BES I /IR T A TR
SSAE (Kerretal., 1972) G T RN FRPEIBRAET, ek e gn e B B
T E ARAN R R o AR T nT DR N AN [ () E B kA s IR B R R AR i
& (Bel-2 i&48) FIANEMERIFET %2R, WIRPEIRE 1 Bel-2 B AR T
PURAT R AT . R, PUE T A Bel-2. Bel-XL. MCL-1. Bel-W Al
A1/BFL1 i@ d fifi] BAX A1 BAK [HEA RN R ORI MOAA TG - S0 Al T MEeR A&
(A= A7 FI2F . DNA 147+ ER R0 B, BH3-only & (BIM. PUMA. BID.
BMF. BAD. HRK. BIK. NOXA) fE NN T XS 3T, & 25 alifs
EEER R, 53T BCL-2 SEHLAGESEM 4G, B BAX 1 BAK JFIE AL
SRR, IR EEE G N, SRR A M A R C SR T, XA
TR R e I R A Bl G S LRI04 5 B A R R
I (Xu et al., 20190, HMJE A28 o i 5g U8 HE DA 1 52 A4 88 S R 01 R AR B80S, 1
Be TR B AR N ST E R a, RiE T AR AR TE R E S E AL, S5
caspase-8 FlI T i RN % - It K A&l (Cleaved caspase-3 Fll caspase-7) FJ¥IE (Kashyap
etal., 2021). JET-324KiR4E T LB caspase-8 /S LI T-2 9 BID (4R (A /K it
FEWEE N5 YR Tl B 2] —E (Moujalled et al., 2021),

22.1.3 HIE
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W A K731 5 ) L 2 B A B 2 A A A5 v 1 v P DR~ IR 2D B, AR 4 i A ZH 27
TSRO , 6T B 5T B4R B DT R A AN AR B 2R AR E 2 (Zhang et
al,, 2021a). B IR Z . EAL N IO B E BT IR AR S VT 2 IBCER WT LA S B 40 L

(Menzies et al., 2017). fEXEEHALT, BRI 740K ), AR 7 AT
BE . AEEMAERK AR . AR 0 N A 1 NI AR s (1) 77 XA ], BT 43
= RKIEA: KEWE (macro-autophagy). 7l W& (micro-autophagy) F17rF A S 11
FI % (chaperone-mediated autophagy). X4 F Wi 7 A EE R R B L, A T4IEN
PR R R B R TR AR, BT, fluRe ks
FE MR AR IR, BAEES4IMRGA X (Aman et al., 2021 ).
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2021).

Fig. 1-3 Key features of different forms of regulated cell death.
Overview of regulated cell death pathways highlighting the stimuli, key features as well as positive and

negative regulators of the pathways (Matthias et al., 2021).
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AR A 2 AR S

2.3 85 TR KR SHER

%
e
i

FER AR A, A oA T RALMIE S, FHIEH B RIESACH B 0 R 1
I IC R BRI BEIR L F2 . TF AR, IR S5 RIIEIRFSAS T L2, IR
HERE TR, SEUREN A, e == 2R sk, mT CARH B g 5 5
ZAKMIGE A, RPN IERR AR (Clark and Landolt, 2017). BFR A RKHL, &R
REMZ LGS, S5 RERAMRE AR SR . B AT X A 2 R Re i 4 Tt 175 3)
FEAC BN B B [RIEE, AT DU Jok ) R e, 1 5| A AR (38 n, S 80
il 2 IR P e e o P AR BRIX Se i 22 o, v DU 35 PR IR AR 3R, S BUD BRUE RS
(B F KR SIS K (Pengetal., 2020). Rtz 4b, Mo KEFERE, [FIFETCIELER:
MU IE 5 (W REARS FE . 7F REM B HT, A RIS IE R R ZE 0 Thak 2 (1 40 i i i
R R, FERFANIRE R, SRS . HRE SE A TR, fFE
FET:, FEAHZIRAT LN, 11 REM B2 T8 NE /KPS s i #1200 1 3 0
PELM T BRI RECRNDIRER 2 (Chauhan and Mallick, 2019).
WE AN, A BH E M A AR PR B A B 2R 5 TP A% XSG 3 A O, 1 TR i S 2 BOR B
JFF U HE B0 BE S5 0 T M b i . 25EL S PRZEAN SOE AN BRIR I, R S B T4 Bk T
R4 (Chenetal., 2020). AEEHR &R HEMERPEATIE 4, % T21M% SD /MNRAM7E
B o AR TR R e A AN EN ThRE SR, 10 HAE FATLHIZE T4l 2 n ke T
H R AERSE B R ] ¥ (Wang et al., 2022). A] WLFEREAR L= pOA R, ZRIET- 2
LA Z IR RRBIEIRITHE A ZRT—IUR S R B, 4L 48h ¥ SD Refg 4153
YIRN RIS RE, FLIR DR D4 o R A AW, B E e T EL% (Wadhwa
et al., 2017a). [FIFEMO7EREARPR B, HURIRS Z 2R RIFRE RS B AL
e BB I D RE AR I T 45140, TR ml ReS B W ANYE T2 i 5% (Liet al., 2021b).
520 SD M, 18 AR PR 1B 58 5 AR ai MR TR 2R, 45 T R R R BRI ERAR 18
INEF, R 6 /NI, FRSE 21 RIGAEE, RIS ST R, AT e s LR
o2 R AR A B B R D, 4 TR RN S A Sk T AR T4 E (Erfanizadeh et
al., 2020) . REAR EH R E uas I D RE AR E , PR O H b 2 B2 M BEE AR (1Y) 1F
HIRE.

3. #REHE SR FIAFIILEE
3.1 #EEHERE D

HRBBER (N-CBE-5-FE LA, MeD) 2 M/ &N ibilas, 25l
AR A, EANH AR E e AR B TR B P R 2 R e 2

20



AR A 2 AR S HoE A

fo AT BAF22E Mel (Acufia-Castroviejo et al., 2014; Calvo et al., 2013). #REBEHMEKE
BOIFEN, N TRRIEROANR, @R, Bk s-R iR, bamEdh
RN -t ik, AL T7 & e 5 -N- O I 3L e #2 i ( Aralkylamine N-
acetyltransferase, AANAT) [/ER R, Sl 4B N N-Z B s 2=, R4
oo iE-O-H LR IR0 Mel. AANAT B2 Mel A A PRSI A+, B RIERIATE
BRI RIE S ER, DRIy “ IS IAT i

TR AR B A SRR A KA, AT IEIL 4R (Claustrat and Leston, 2015).
HENE G G e DA NS FAR . AEmanfe=rh (R, IR a . HEBY
BUORI . K5 EKAIATD) . T Mel AMBEALER FART, MR BE S REIR 1T (1) ¢
Behn SRR EYE (Reiter etal., 2014) . #BEBFER K W K AEERE, MR KPFER R
03:00-04:00 7 A7t Bl IA) IE N H KT R AL B2, A8 F ORI EIER I 2] Mel (1Y)
Ko EEET T, KRR R IRIER Y EE (Mengetal., 2017). HLMIEE-#4
SRAAR 88 % A W L S04 N Y BB T 1R DR P B R S, Mel ()70l 3 B2 311X — i
BHUT . R A RECKET R GRS, AANAT BEAVE AR, Mel /KRG, 7EHG L
A [ RIS T, AANAT BRI VEIE I, Mel K~FJt (Liuetal., 1997). A
WS B Mel B tA 25, HArbK-F S5 g2 &, 4L Mel (14>
WKt rE, ZFER Mel )73 KPR il

3.2 HREE AR S REAR

HE R R D HOG BERR B AR L, H AT 2 N T IR RIR T b o KT — 2Ky
F] QAT B EAR AN, AEREAT IS 8] 1) AR J5 2xie FH Mel SREZZ AR 225 R 50, 2
e BEFR 5T B VK R T B ARCIR S, IX 2 R4 Mel XA I IE/ER  (Touitou et
al.,2017). #R B F N TN B AR P05 (1) B & AR i Ve TR, — D7 T
Mel HA (ERERERR1EH, 3 — 7710 Mel RAR m A 22, A T HoAth 22 ik 24
Mel HIEIWERARD, B Mel # H 1877 %08 (Tordjman etal., 2017). {H72& H A% T
Mel rfaf {i 3k BEERIR 1 ANTE 2 o BEBE 510 Mel R g st o NS B I & &, M
1M 38 0 5 B AR AH SCAZ T s 2 o B X% s P, AT (2 2k ATLAA i N BEERDIR &S (Pandi-
Perumal etal., 2008). A FIN N, Mel REW 5% e BE K IZ B FIF & 0= A B R,
FNH X LA A P R T e A 1, AT S [ (i gk BRI A2 (Li et al., 2017a)

33 HEREHESIAM

R B2 K P VR VT T, AN A A 5 AD . W0 5 Wi
FFPEBR R TN 26, Mel SNIRPELS 26T V5 S RIIR, JF TR b 2R AT P 72
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(Esposito and Cuzzocrea, 2010). KEHWFFE, Mel GEELE A E 1E @2 S350
FINRE . EGan 78 i A% A Y vh i e T R T v R A8 DR 1 g T s R R SONE SN

(Muhammad et al., 2019); Mel W EE SR L =Y hEE A, #iIH] RAGE-NF-«B-
INK &A%, AT P A0 M N S8 A BB & A2 (Yu et al., 2019); ZDRIR BT A S 5 HE
AR, Mel @it EIRZAEE A ERK ERIE, (RdF 7 e 40 230 il i AR

(Ghareghani etal.,2017); Mel BfEfeitE CAL XAPLTCHIES 8 FIEsh g, M
T ANER T iC IR SR 2 70 0 i vl 284 R 2 3 4 (Madhu et al., 2021 4, Mel
TEGRAE T AU A T TER . Mel G5 MT2 k4G, GG SD sl
P TCRRAET- AL/ AN N T REFE RS (Wang et al., 2021a) . ZEGI M55 R A o, Mel
WREBCEM A TR TR KA, AW Z B RN R BIE 123 L% (Rui et al.,
2021),

3.4 BREHZEAERNSFI

HRBHE A KRR AR, WRRERCTEE BEIR S e | AR A I 1 7
HAE . EThRe . ARTETIRE . ICIZTE R AR RGBS A RO A AN RE
AR 1M Mel K% LR AE M EZAAPIRMIRE, 70l BRI BRI E 1.
Mel ) ERLRTE@ AR AT DUl 5321645 &, ELIRAER] TS0 2 abtan i s it - [A) %
WAL, Mel fEN— D Z ML B A HIEHIMER, BEV bR 4= B i SO ) 33 R i
Ao

341 MBEHENZINERR

PR HEBR B Z AR EEMITE 1975 15 K2 X (Heward and Hadley, 1975), HJET G
HHMPZAE (GPCRs), ZLIRESEEMEE R, Tl KERE & ®
YU AN RLRL (HIlL, 2006). 124 N1k, ERMFLAYITH CE &I T =5 E 21 Mel 752
&, B MT1, MT2 1 MT3. MT1 Fl MT2 58 N msE2 M A0 G 5 A EEZ R, Mel
Wt X 2R G IR G S SR, PPAEY G R (Dubocovich and
Markowska, 2005). MT3 t/& Mel 1] G & B2 E, HE REET Wz
2. BTN MT3 455400 55 2 BRIE R (quone reductase, QR2), H 1RGNN Mel &
QR2 HIFLJEW), 1M QR2 Joid >k X AEF4ir B A R IEE ZAEH (Ebisawa et al.,
1994). XKW MT3 "2 5 Mel JEFR A BRI, H Mel UGS 55 2 M
P A [\ A2 B B A VR FE AT it MT1 A1 MT2 32464 S0« 8 KA A1 JE L 27 e 35
REMLEZE] MT1 Al MT2 24K 70 A i Hh K7 W8 55 41 oK S=A7AE MT1 244k, 3
bR S R, BTSN R RS, ERL B E KRR E
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(Jin et al., 2003). KMrH&AMIX H MT1 5 MT2 Bfh 26 G B2 5%, T ERE
NHEAR I X, FELLMT2 52KKIENE (Pandi-Perumal et al., 2008) . TALAE X
R EERIE MT1 524k, MT2 AG/bERE. ANGEEH LI MT2 MERENE, X
TEHCIREIFT CA2 i X REAR 22 21 /b & MT1 2R 1434 (Klosen et al., 2019).

3.4.2 FREHE SHEY-B5-FKid

TR R — N8R, 8 R B AR T R A R As Ak, T i
TEI R4 5 4 G kiR o 4R B EE I A SR AR W JE N MR AE 2 S PR30 . B T Bk
R Mel MEBER CZESAD, Mel tagiB MR HL R IEREEM.
W TE 53 WA Mel BAA W35 BIPTRAER], QFEDT (- A0 R I g iE 4 5 . i, Mel
FEAARAI B 22 TR H A B AT == IR I o B B E R, I S SRR A M B L B0 2 A5
A4 35 (0 & BRI (Tekbas etal., 2008). fEMAIIYH, —RE CLAUEH Mel
TE LRI BB 2 TR I % 07 THI A S 0T 14 A P o A JB % 4 80 6076 26 33K B RH R AT B 1) 7
R, Mel REsRZURALAEIR (Bishayietal., 2016). MMM R, Mel s /KIS HEAN
R ), wT DLdk B A B4 e e, 4 2 PR TSR IR B, Mel 1 Bk [ 3L 4R
WAEMD RN 73 AR 315 5, FFRTREVE Xt E AR SOV A HLAAR il 1K 28 T B (He
etal.,2021), Mel 1] L2 G A=Y 0 01008, IR RAE AR =R 1535, 18 v b
SN T R R D RE R, FER E AR AR AR R M Mel, 285 SRSB4
Mz Mg, DASCE S A RGN -
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-« sepsis injury Q ¢ L..e‘b“ death™======"" "~ £

—— \f/
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1-4 HREREIERAVHIE LS
MR FE A FEIR R S MAER AR, BREEEZ A EE (MT1 A MT2), MAPK 15 5188,
NF-kB {5 5%, NRF2 {5 5#IEHM TLRs ZAKIKRSE . 2R ME], BOFLFnBug
(Fang et al., 2021).

Fig. 1-4 The possible bacteriostatic mechanisms of melatonin in vitro.
Melatonin interacts with microorganisms through different pathways, including membrane receptor
pathway (MT1 and MT2), MAPK signaling pathway, NF-«kB signaling pathway, NRF2 signaling
pathway and TLRs receptor family. The red line represents suppression and the black arrow represents

activation (Fang et al., 2021).

3.4.2.1 5 1-R5 - Fii b

I T VR 55 K 2 T R R ) V) SO AE 4 4 B Ml s ORI R B R ) A S o A B A
F o BB e A% BE B I AN [F g 48 0 KW e, [ 2 7898 (Agirman and
Hsiao, 2021). HAETTHIERK YL, MpiEw -l 204 3 FE1FE1E (Mayer et al.,
2022): RS WHEEATIEN RN . i 2 M A RS, (EH e
W R SE, WY y-23E T R (y-aminobutyric acid, GABA) Fl T2 4l (Serotonin,
5-HT SEphEsb PURE, BEEBUREN S Rg, MERt: il e LR
YIRelEH TR EME AP A RGE, W RINFIAT ;R RSt Wil B A LA
Y, ReEN PRI RGuE S KGR, BERVER TN BTAEN, B R R N 4 T
a4 (Needham et al., 2020).

BBB fEIEHRA T REW IR & RN o i, X e SR AN 2
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R = B 2R A &, B A E a2 A B el BBB, 5 e85 BBB
[Pl iEPE (Carloni etal., 2021). W5 &I FEEEAR MR (Short chain fatty acids, SCFAs)
YERN/Nr P EYIRE S 281 BBB, EL4ZELAIE R F T DR Hh 1 i 48 o Bl 48 IR o
AR, YRR R 4> 2 iR 2 HE (Liposarcoma, LPS) BEA%H I BBB fiEE M,
HEN KBNSt b 5| AN RO o HS4 BARSR U, 33X e A g i B e o B A Qs = mons K
o i) EARAE 2442  (Jameson et al., 2020),

3.4.2.2 5255 RE R ER

SCFAs 215570 T, (N B GiE A i i b & 41 4 R BB, RN K6 Z 4k
LR YEFT T OB (Mills etal., 2019). SCFAs i i ¥ FFA2. FFA3. GPR109A Fl Olfr78
SARAEF T IZ AR, U5 S A mT S 1 3 B R R IE . AR R
AL (Needham et al., 2021 285G 7R E H T ¥R 40 Mo i & 42 IR HE R A 32k 0%
1, WFT R INAT R 58 #6318 5 A 7 37 SCFAs #EH 0, FEAIEMAEiEAk (MCT1
AT SMCT1) (Silva et al., 2020). (E£ERAL4, bRz = 2@t MCT1 K 4ifuikia
M, —#B% SCFAs fEAM N BT REE UL, 53— SCFAs 7 it b e 4i it % 4
GG, X T RS, B ACIAIE SCFAs 1E AN T W52 RE i 18 A HK 7 58
sk it o g e N DK i H T R L 5 e P Tt AR AT 25 5 N B A ) RIA )
iz (MCT1 1 SMCT1) (Wenzel etal., 2020). 7E KM, £F5t 504 oA PHLE I 5
Y b SCFA ZAR ML E R R A5 00 H AT eS¢ ), (H2 B /T A LRI 4
T F3RIK GPRI09A 24k, fitiiEM & uiifEiE (Dalile et al., 2019). I4t,
BIFRI MCT1 75K TCAAATER, T SMCTI 7E K 2 H Rk 5 M40
e, EE BRI SE RS R BRI . (HARES AN SCFAs 7R Kk
WIS MR DI RERS, TTREVS A 7 HE W FILH . S53ETCH (Germ-free, GF) /NERAH
b, JE B/ SRR B KPS B0 A% R A A& o B B0E (Muller et al., 20200,
FH.Im GF /NI =48 SCFAs B T8 il A 0 2 S X P, 1X 3R BAa BRI
TERAEA AT DA X A e 5 5@ % . s R AT ARG R 78 E B, SCFAs =44
ST 1] iz v F 0 - A e BRI ER R s PSSR AR IR 1 (Glucagon like peptide-1, GLP-
1) IE5IEEIB AT A2 (Bickhed etal., 2004). | FREE N i f7il A )% R G rh I
FEHFKIE (Magnusson etal., 20200, XK B4 SCFAs [4H B 7K~V FRAK AT BE -2 2R SE
.
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etal., 2020),

Fig. 1-5 Potential gut-brain pathways through which SCFAs might modulate brain function.
SCFAs might influence gut-brain communication and brain function directly or indirectly through

immune, endocrine, vagal and other humoral pathways (Boushra et al., 2020).

3.4.2.3 EYIRREE K 9

HUEE R, WM& DIRENAT AT Be 2 2| i AH G S R G I, 1T B AH 5% f

& RS2 G W E I o IBTEM R R RGE A ES 5 5 UM E RG50 .
22 IR AT M o AR Co R G FA g AR B A A g R A O o AR IAE DR B 43 18R, 4 LPS.
M NeE BB E A, @I EUE Toll #5324k (Toll-like receptors, TLRs). TLR £
TE AR W SO N RAFRS Z A I K EEE(EH (Rogier et al.,
2015). — BEAEOE, WiE AR S A 2 ﬁi%dﬁéﬂiﬂ@ﬁ% (IL-lo IL-1B. IL-6.
TNF-o), ‘EATA] PUEE Y i gn i 7z 8 H 7l BBB BlIA K. — B ek
K, XA i R oA T/ IR BT g i b ) 5244, FFAisam B e 1 i — 25 B
AFRZ TUIIBEI AT (Agirman etal., 2021). 738 SR 40 M X -5~ m] B S 3B 1E
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TREMAAN M 13248, SENHIE 516 SR K &M 151 A
SR FIRIAT N, ER TR T (10 IGF-1. IL-10) A7 AT LT B X 2552
(Sampson and Mazmanian, 2015). Ik, A&y AR VoA ) ol 2 38 hn A= e fs B
R G eI I RS o X — IR BH o3 T A WA A 4 A1 5 B SR AR AR 1 Al N2 4k
A ReAd MATE AE I S B S R I G (Mueller et al., 2015).

4. AR BEHNEEX

HEARAS 2 -5 A ANBR AT 2 [ OC & H BT 415 2 T A BT BIUE S, (H 245 BEAR
AR 51 RS PRIV R B A g AN 2, LS i o R R 1) 250 AR S T e A R 52 4 9 241 1
T 24 P B 24550 A I AL, A BE A AT R 2 W R S g R A A2 3 B AR 457
Pi. 1M Mel — 5 THAE AR A LE AT & AR, MHUARIBIER N 55— 7T, Mel
REIEIL AT AU, BRSO RN KA G E I, eAh, Mel W 52 B 24
ALK R, B B UM A FIR R Rt R g0 . A8, i
PL i ANTERE . L, AT B AR DS SD BAL, FFAIANENE Mel #R15
Xt @ SD 5 A RIRERS 1 DRI F S AR I AL R RIS R AE S5 P 3 A #E
BT B R AEAE Mel 25035 2 SD B il iz i/ e IR HRSMALS ,
PRI Mel K i i BRI =05t @tk SD i S & o0 2 v ¥ B BB F g 42 A ) 82
TEMI&AR, J9iR) T BEIRAS 2 75 T AR Zh RERE AT 3 (I B 4 H AUHr (KT A S8

5. IRBBmRERAR
5.1 S EFx

KSR 2 G/KAERALESE 72h (1) SD B4, kil 2 SD X/ BN AT g K
W SRR ORI RN s R A I8 e 25 1 B A R 6 R P AR 2R AR B IR VA gl AR St
SD ' Fic iz HIIPER s #t—DiEid AMNEEAN 7S Mel, £ Mel 7E 2% SD 55
WAZH R ER o @RI Mel RS2 44 2 HAZ 5 I8 B ARG IR T Mel 4035 =
Pt SD 5ldgifE S u E RN ERAERMLR; JF@Id #5L deromonas veronii 7ETER
A, LPS AbFRAIRI DL K 45 T 2 SD /NERARTE T ER B4R 78 Mel 2038 2tk SD 5] ik
Vg Sy 22 70 & R B TR AL .

52 ARAR

L. SR AR <5 5 2 DA R T E FRE b (A 2 S 57 S B PR B (0 T A 5
2. FiB PRI o SUVE IR 25 175 3 5 A 22 70 5 R ANV BOA RIS AS 1) B4
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AT
(D) WAIE B AR BB EN TR AR R ZF 175 3/ O R R AS I DG4
(2) HERFF ML K] Aeromonas WK =H) LPS 5/ BT 40 M i) FLAE 235 =
P R ) <575 = (XU R P 5
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AR A 2 AR S B SUEMEIRRIRF S S AR D) REFRAT ARl 37 KR R BRI TP A

E-E sMERRFESINNThRERERARBE T KRR
EHTHIER

1. ¥R E X 2 MERERR R /) FR R U = AR B HE K E R =2
1.1 31§

AP, BEAREEEE B4 TR AR =0 —, & NEEHLER A
AR, s B RE A UAA TS B BRIE ST, IREARIRRE T, Sem TAERCRH . (=
SELERS T B2 AR am AL S BUIRTT , AATTF R AR () 2 AT IH R = 2 05 AR R EL A
TEL S RTINS, REHMNH TIESSEYE TAEMA N 7 3P S siig
'] SD (Seton and Fitzgerald, 2021; Troynikov et al., 2018), [KEHEARAS & 7] @ )28 i
B2 A Ax A JRE R R H ) R o K R P i 9 3R B B IR R i ) T X R 2 R 4t 2]
WZEE ) BB R R TIRE . WA ih . R AR IR L S 8 RS 5 T7 TR A
BER, JLHAPXME RGP, BEAREERS 5E0H . tHE AR B /R 240 BRRE N
SRR E VA (Tobaldini et al., 2017). Zh#%t S S ¥ S M AR KFERE i
HPA i), HPA Hli ()25 R R ILAE RLUE LK CORT WKEE T (Brown, 20190, I
% NE U B A1 58 S N AT B 22 THRE LN (R BE o AR AT il 2 B ARG P Py TR, IR
AR B R BE 65 43 e MR R ARG PR BT A AN Stk SD ALY, ER SRS 14 REERIR PR i 2 XK 2
NS HEAE BRI, (HRURE IR 2 N in 2 IR S = IR, tandfk
ik ZE NFIFCHE T NS, RIGIRATE )R Z @7 — D2t SD SASKRER T St EAR R 2k
X HLAR R 0

HERR 2 — LR A BT BINUARAIT N, 1 Mel 24 SRR W B A B R R
WIEHE R, HEK23 T IREE AANAT H52m, M3 Mel M-S =S5 RAH
AANAT B )& & 2 1IEAH ¢ (Dubocovich and Markowska, 2005) . fift BB 3 2 BE 8 52 M AL
a2 P e B D Re CAEREIR . BRI, RIZDhRe. AN (H)2 Mel AN RES
3 S SD 1R BN FN D RERERG AN TE 2

R ARAT TR 8 JAl % ICR M /N RS 7 e SD B, JR4s T2tk SD /N
AFNTE 20 mg/kg 5K 40 mg/kg 1 Mel, 8 bR I I 28 A P AR B R K> (CORT
NE) Hlra it SD & 15 5 iR R 8k kil i Mel B3840 ER BT 2t SD X Mel
P2 s A AA FAR N danar IFEXTRIEIRPT 2 SD 5 Mel A 2 B 5%
o

1.2 MRI5EE
1.2.1 R 5 4b 18
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AR A 2 AR S HE SEMENRSSE 5 IR RERAT R i 37 A 48 SRR (KT L/

8 AR HEYE/N 60 A (ICR, 4EdA4E, dbpD) fHFRT 10 MR (6 K/, /b
BRARTE N 28~34 g, HIEN 21 °C, FHXHREN 50 £10%, FREHIE VRS 14:10
(B R EF 7:00 FFUR4 6. ADNRATHBRESUOK. A /NG — )G,
BEHLEE 7N 5 AN FAXMIEA (CON). BEIRRFIZF4 (SD). BEHRFZF+20 mg/kg #i
SR T4 (SD+L-Mel). BEARFZF+40 mg/kg HB B I T 1izh (SD+H-Mel) 5 20
mg/kg HEEBIZRIN A (MeD).

i TR R G 221 G /K Af 25 B _E 8:00 TF4A X} SD /N i iE4T 4L 72h 1) SD.
IKFHTHE 18 NKFE, KFEFRIKINEE ST 4 cm &b KBEAR 12 /R
JIAN—KGES, B RNRELT—/ G, FFrl@d SR B H AT 6. 24/ R
HENPUE R S BEARET #, /N R 2 BRI AIAS sthst N K H 5 RS i 2ot S I d e |~
G LART#EAE, T I/ BRRR A TE BIRES . BRI 2, & B KK F 4
(7K ORFF T

BT A N FCRIERA T BT BA SRR, FRATE Sk Mel ¥ T 20 puL /K 20
H, FERRYERE /N 40 g A4 EE O o 5 IS RIS, FRRBRLE 0.1 mL (AR B #hoKk
AR S 45 T /N R AN TS Mel. CON 4/ BRAE R IE IV S B A 77 (20 uL IEK 4
FERRET 0.1 mL fAE3E357K) ; SD 4H. SD+L-Mel 441 SD+H-Mel 20/ R 7EHFH 5
b 8:00 #4347 72 h BEARFIZF; SD+L-Mel ZLA1 Mel 20/ RERHF L 7:00 #%E5: 3
d JEIEVES 20 mg/kg, SD+H-Mel ZH /)N BRUE IS 5F 40 mg/kg (1) Melo B i35 4F
P v B RO R 2 OB SN LA B B0 048 R 4 2R 9 55 (1) 38 s 40 (1) 4 RO 48 FH 4
M (JIL#EC S~ CAU20170911-2).

1.2.2 I w4 R0 B

60 HUNRIEESE 72 h {9 SD J5 T4 1 8:00 HEHATHR, R 1% B H-Z 4975
TR RN R IEAT IR, IR BRI BRIRER, HEATIRAER I, JR7ERAEMIMA (1.5mL
FEAD) FIN 50 uL PIRFZRENEW (1%, 7840251, 7E 2000 rpm. 4 °C 2544 FAAN
BLOHLH L 10 min, BEFWCEE NS T ELISA Kl /NERWTSALIE. YsE/ N
P AR ZA T ST RN BOE R /N R 7% 22-80 °C vKAH F T~ qRT-PCR il .

123 FEMEERE

YP1200 HL 7R (E#EEE —RPAXER) D mE G E L (TG16-WS, #f{X,
WEG) . W E & PCR X (LightCycler®480, RocheAppliedScience, fE[E ). i ik
B0 (5248 A, Eppendorf, #EED. A &0l (Mini-6K, i/ BRI AR A
"l B HLSEML (JXFSTPRP-24, FiF SR RA MR AR, L), Bl
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ST ERAE (101-A, JERTHACEM BTG, HED . BZAEA. 81, FR
BIJ1. FARIIWATI e

1.2.4 RIS 25 IR

2% L ZANIE I . 1% R BN . TRNzol Reagent TRIzon &t RNA $2 B i 5]
(CWO0580A, FENMLAEMEARFIRAF, L) kFEFXFE (Thermo Fisher
Scientific, Boston, USA). JoH A B EL /K L 75%5 ARG « /N B AR BRI 3 (CEA908Ge).
JZFilH (CEA540Ge) FlZH'S EARZE (CEA908Ge) ELISA F &I T RN =7
FERM I AR AR HBEEER (M5250;sigma).

1.2.5 BB EINMHRIENEMIZH NE S =

W R AR /)N SRR BEAT BRI G028 IR BRHAES, A IIAS [RIZHIA) NE & . By 1k
B D IR A 1 RIS U B B AT o N ZE /T 10%, #EIRIZE /N T 12%, Kl A 25.5
pg/mL. FAHAFEE S ANMEFESS, FMEMESR 3 K.

(1 WFIERS: AT RIS AR A 25 AR AT E F IR ML T .

(2) AR TESR: B 1 mL FRdEPRBRUM AR E SR, FiREE 10 min,
HRFE N 5000 pg/mL. % 54 1.5 mL () EP & H FhaE b FIFRE, #4600 uL [4x
R RIS BP &, RKIKFRE AL 5000 pg/mL, 1666.7 pg/mL, 555.6 pg/mL,
185.2 pg/mL, 61.7 pg/mL, Fr#fanfiB (0 pg/mL) HEAE AT AL

(3) IIAFES: 0l AhniESL . FrUFESR AL, SEfl. WE 5 AMeiEfL, %
BEEEIMAFRHES, 2 EFLHR A 50 uL ARvE SRR, RFLINAFIEE & 50 uL, AR5
SEEPRR LIRS A A TAEM S0 L, S8 58], dRdBEhAEA I, KEk S
AR, 37°CIEE 1h.

(4) Yels: TERMAERG, KBEbRtR B AR G, FHAERFLFN 350 uL 15
IR 1-2 min EATHERS, B SR B AR AR (E140 T ROK AR IR R 40 4T LA FE BR 1L
WBEERIR . WERIEER S 3 k. hiksmeE 1 Ik)E, oo BlAL N RIS T

(5) TN TAEW: K Ic B 4 R I TR B #2118 100 uL I ANEEFLH, &5 S
T 37 °C i 46 i & 30 mins

(6) Veik: H5LIRAMIE, BlEETRRAN KBA S AT, HLTdk 3 K.

(7D R : Vel ss R E B LRI 90 uL MR, o LB S
TN 37 °C iR e A, A RPEHILE 10-20 min N, SRS [EIAN AT 30
min. SFRAEFLIIIG 3 AL IR B B B T C i A 2% 1k [ R

(8) MnZ&aby: WL A 50 pL b, ik, FLABAARSLRE B A
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TNt ININZ LI 20RO SR IR — 25 AU JA w] e 5
ZNEEbI AR BEBAR TS 0 TR 2 o

(9) BEH: KsEEbR S E T EEAR A, £ 450 nm AP TR AT AT
TERALA T e i A s, SR EAESL OD fH.

(10D &5 FR50 4. PIRIARAES SHEAR) OD EAE B TH B & FF Al ik B2 o FRiEdn i
IREENMPALER, OD (H B AR bR 2 il bnvfe it 28 77453 tH A 30, K% FE A ) OD HAAN1Z
DA, AR, AR MR, ISR LAIRREME L, 15 BRIy SRR .

1.2.6 EgEX S EMMHXIENEMR S Mel S8

W R AR 11 /) BRI 30 AT BB B 922 T BHREG: , AllAS [R] 6L 1] Mel (125 &« A (3t

B D R A AR A IS U B AT o N ZEN T 10%, #EIEIZENT 12%, KRy 4.94
pg/mL. BB 5 MRS, BMEmES 3 X

(1) FRAES IS B 1 mL ARvEFRREBOI AR T, iR EE 10 min,
HHR BN 2000 pg/mL. #4554~ 1.5 mL [ EP & T Frife SRR, K 600 ulL (145
AE BB EEAS EP B, KIK 3 fEMEE R 1000 pg/mL, 333.33 pg/mL, 111.11
pg/mL, 37.04 pg/mL, 12.35 pg/mL, AR (0 pg/mL) E#AE N HAL.

(2) - (10) [FI%E = 1.2.5 FkE P IR

1.2.7 EEARIEWMHRIENEMIZ+ CORT &

W R AR 11 /)N BRI BE AT BRI B 328 W BRHARES: , ASIAS [R14H 1% CORT (18 &= . BT 1Y
BRI D B 1 RIS U Bk T . UM ZEN T 10%, HERIZEANT 12%, RllpR
2.60 ng/mL. S 5 MRS, BMFEMES 3 K.

(1) ARAEm S B 1| mL FRAEPRBRM AR SR, FiREE 10 min,
HHIKE AN 500 ng/mL. #H4% 5 1.5 mL [ EP & H TArdE i #8, 4 600 uL /1
PRUE S FRBEROINNEEAS BP &b, KK 3 5 FEK 500 ng/mL, 166.67 ng/mL, 55.56
ng/mL, 18.52 ng/mL, 6.17 ng/mL, Fr#famFiBR (0 ng/mL) EHEAIEATHAL.

(2) - (10) [F%E =% 1.2.5 PR IR

1.2.8 AR danat EERY qQRT-PCR
1.2.8.1 #AREE RNA FIIRER

(1) B/NER A AR ZUN-80 °C UKFHEN H, B T& 0.5 mL TRIzon HJJG RNA [
EP B, FMNAREFN ARG ETET S, FHREE S min;
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(2) A 0.2mL &7 f5 i % EP B, KEOERAED 15s, EiRFE 3 min;

(3) EP & NK IR = B OHLLE 4 °C, 12000 rpm 2644 R &0 15 min;

(4) $ EZIKF/NOIRAFTHIE RNA B EP &, JEIA 0.5 mL S AEE, K
FZIR G R RE), FEEY#E 10 min;

(5) EP & NAK IR = B O HLLE 4 °C, 12000 rpm 2514 R 540 15 min;

(6) ¥ B3 EZ:, IN 1 mL 75 %8, WIEIRA, ¥Ek RNA; RIG1E
4°C, 12000 rpm 254 N &0 Smin, HE 2 IK;

(7 ¥ BIERN ORI 2, RERFFTE.

1.2.8.2 AR E RNA IREEFE

PEIUAY . RNA i RevertAid First Strand cDNA Synthesis Kid 57 &5 s %58 N
cDNA,

(1) AfEZR:
RNA 1.2 pg
oligo (dt18) primer 1 uL
Nuclease-free water M55 12 UL

KL FARRIES], B4, BT PCR{X (T-Gradient Thermoblock, Biometra) H,
65°C, & 5min, HUH UK S min, £5H .

(2) Bk #:
5xReaction Buffer 4 uL
Ribolock RNase Inhibitor 1 uL
10 mM dNTP Mix 2 uL
RvertAid M-MuLV Reverse Transcriptase. 1 uL

¥ A M BHRRBEBESBEHMEL, BT PCRAH, 42°C, 60min, 70°C, 5min.
PBEEER, BT-20°C 1H#REFEEH.

1.2.8.3 ¥ARIE AANAT E[FHRY qRT-PCR

¥ IR S SR Y cDNA 3H1T qRT-PCR, BN 3 NEE SRR N 20 uL &
o ARUF:
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% 2-1 QRT-PCR Rk FH

Tab. 2-1 qRT-PCR reaction system.

ANINRRTY FE
2xT5 Fast gPCR Mix (SYBR Green I) 10.0 L
5% F (10 uM) 0.4 uL

5% R (10 uM) 0.4 uL

1R ¢cDNA (3 ng/uL) 2.0 uL
ddH,0 #M5% 7.2 ul
BRI 20.0 uL

KLl EAR RN 96 FLIR, #iME L, BT Real-time PCR X, U1 M4 14:
TAZ T 95 °C 10 min; Z81% 95°C10s; Bk 58°C30s; #Ef# 72°C30s, APk, Bk,
SEHCA—ANMEIR, 340 DMEIR,

3% 2-2 qRT-PCR R M3 |#IFFEE (AANAT)

Tab. 2-2 qRT-PCR reaction system primer sequence (AANAT).

Gene name Primer Sequence (5°-3”) Product size Accession No.
(bp)
Aanat F: TGAGCGGGAAGCCTTTATCTC 169 bp XM 034667640.1

R: CTCCTGAGTAAGTCTCTCCTTGT
Gapdh F: CCGAGAATGGGAAGCTTGTC 228 bp XM 036165840.1
R: TTCTCGTGGTTCACACCCATC
Real-time PCR A Gapdh NN Z:, H KRN RIEE A H I EE K mRNA /K-
/Gapdh mRNA 7K*f-, F = forward primer; R = reverse primer.

1.2.9 BITESHT

{§ i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States)
HEATHOR AT R TR eSS (SEMD. 11258 R 88 5 2072 57 Cone-
way ANOVA) # Tukey 12 8 LS IR 4T 404 P fH< 0.05 MNNA Gt %= o

1.3 8
1.3.1 2% SD K Mel FFaxd /) 5R I 32 RBUEZE R Mel 7K RS20

LR KT H R BE 8 S NI LA T AT N OIRZS o AEAN R AL 8], FRATTR
HI BLISA 75 6000 /N B LS R0 197K -F (NE Al CORT). 45 R Eon 55 A
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FHEE, Sk SD /MR IMZE NE F1 CORT & &4r A3 1 55.7% (P=0.001, K& 2-1A)
5 51.8% (P=0.001,K 2-1B), BAMII Mel /K 2ZE KT 48.9% (P=0.035, K
2-1C). BRiM, 45T A SD /M 20 F1 40 mg/kg Mel -T2 5, S5 SD /N A
b, 1 Mel & & EE LT 45.6% ~47.2% (P=0.008 -0.012), Tfj NE Al CORT
K22 N T 44.4% ~ 45.1% (P =0.007 ~ 0.008) 5 34.1% ~ 51.8% (P =0.001 ~
0.003) (K 2-1A-C).

A A [
_ m i 3 - =
= 0y E ] - |
E - b = ILF B E @ - .
? L] =TT 1] [ : & [+ 5 L
% n.ll ':: EE E‘z.l [ — E 8 - i N
Ty g iy . % T y % il 2
i £ 5 _J_ rd oomd 2 e [F I: i o] [f L BE JLI p FY
i { (=] i =] e | = | & |
¥ e | - = - L i - Y |
i | 5 I 10
: l 3 | §
r 1 1 | " i ¥
- 1 (35 ] Wl EZel M R M * ' o iz . FaANI=He  Hal " =} [ 4 B gl Y= Nl A

2-1 2% SD & Mel Ffixt/MRIM3Z e NE. CORT F1 Mel &= R0

(A) NE, (B) CORT, (C) Mel. CON: X/fiZ; SD: MEHRRKIZFZ; SD+L-Mel: HEIRRIF+
K& (20 mg/kg) Mel T ; SD+H-Mel: BEARFF+E7E (40 mg/kg) Mel T4 ; Mel:
R R (20 mg/kg) RN, 459 DL Mean + SEM i, %A ME Ebr v BHIMEZE R

# (P<0.05); AMATEHEZERLGHIZEEXL (P = 0.05),
Fig. 2-1 The effects of acute SD and Mel supplementation on NE, CORT and Mel levels in plasma of
mice.

(A) NE, (B) CORT, (C) Mel. CON: control group, SD: sleep deprivation group, SD + L-Mel: SD + low
melatonin (20 mg/kg) supplement group, SD + H-Mel: SD + high melatonin (40 mg/kg) supplement
group, Mel: melatonin (20 mg/kg) supplement group. The result represents the mean = standard error
of the mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those with

the same letter do not differ significantly (P > 0.05).
1.3.2 2% SD X Mel FFxf /N RARRIE Adanar EF B0

AANAT F& Mel AW)6 B OSBRI BRIERE, MK H (0 Mel 32 ZERUETFa R4k
(R oy il e N T HE— 2B B6AE 2t SD K Mel X/ S Mel & & HI52M, FA 1A H
qRT-PCR 7GRN T FASRAR T Adanar BEIIEERRIEEN . SR ExR, SXRRAM
tb, Stk SD /NRAA K danat B mRNA /KT EEREMK T 90.1% (P =0.001, K 2-
2A), Mg T2t SD /ANRIEEES 20 5 40 mg/kg Mel 2 J5, 52 SD /MR AH
b, Aanat 2R IFRIEKETCH 2421 .
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1.5
3 a 2
I |eo® o%®
= o 3
[}
>
< X o®
2
(1'd
€ 0.51
g
= b
©
< .\‘- i

0.0 : o Oy |

CON SD+L-Mel SD+H-Mel Mel

2-2 2% SD K Mel Fxt/NRARRIR danar BF mRNA FRiEHIF M0
CON: XflE4H; SD: BERFIZZ; SD+L-Mel: BEIRFIZHEFE (20 mg/kg) Mel T4,
SD+H-Mel: HERFIZF+EFE (40 mg/kg) Mel T-7i4l, Mel: HMGEEHE (20 mgkg) RN
ZiRUL Mean £ SEM o, WAMF AR RMEZERLEE (P<0.05); FTRHAZESR
KGR (P>0.05),
Fig. 2-2 The effects of acute SD and Mel supplementation on the mRNA expression levels of Aanat
gene of pineal gland in mice.
CON: control group, SD: sleep deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg)
supplement group, SD + H-Mel: SD + high melatonin (40 mg/kg) supplement group, Mel: melatonin
(20 mg/kg) supplement group. The result represents the mean + standard error of the mean. Values not

sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

1.4 +Hig

45 SD Eiﬁ@%éﬂf\ﬂa%ﬁ SD A& SD, RIFIf SD g MA[H] 5 1 51 i
BEZESIER. RUPFCEL 7L 72 /AN R) SD #AL, U5 7E LA 75 K
V7)o o PR AN B R IR A5 TR A ttﬁuﬁaﬂiﬁﬁ)ﬂi, LR AR N 53 DA Bz B B A4 % 22
N% (Halletal,,2017). ZB 1 GERE R SEREIR 5 MBS SR IZMHE
JIMERBARYE . fEESE 72h 2 SD J5, FRATUEREI 2% SD /N HPA Sl 30
RIAIMHK CORT M NE /KPR E T . [FFELEMG A s b, BRI SR s 5|
A RUMS CORT [N (Hairston et al., 2001). i7E N, B BEAR A (1)1 5
CORT 7K~F- B & & T BEAR 78 /2 B 1) CORT 7K*F (Raven et al., 20190, ML AT RECIR
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AR A 2 AR S HE SEMENRSSE 5 IR RERAT R i 37 A 48 SRR (KT L/
S WAEANZ NS, EH FECE LIRS AR EONURE B B 10 2 BB LUKk
EARRBAS B A SCRC K R E R NE. i BT RIS, AWFFERshdsr 7k SD
I/ BN Y

MEHI & — TR AT B R AR A AR BEE TR 2, R A 2R L 35 e i B BT L2 Mel
(I AN 3 o FRATIAE SUE SD /) Bl S5m0 380 8 22 A 1R % /) UK Meel ZK-F-, /]
WAETESEABEIR 15 B0 T Mel (K232 2M0H] . #E— P IATWE R SHE SD /N AL
RAE danar WIARXTRIES Mel HIZSAEAIIL. DIUEIRATHEN S % SD i i fa R4
Mel & M TIFEARIMLAE Mel &, #E— B34 T2 SD /N RANEINETER
Mel. A#A)E, SMEYE Mel FI4MTEIEEE T 5% SD -2 ER AR, B4E IR
ITFAT Mel FIFEAR, (R XS HA RAK danar (3 KR IR A 7200 ,

1.5 IhNgg

AHEFCESL T Mel T-HAJZME SD /N AR, 4558 R Sk SD e BRI SR 4
Aanat (RN IE, T Mel B3 B IR ISR 105 2. M AMNETE Mel 4
FEREAT R0 2tk SD 753K Mel 1 FEARAN SO0 /K1 1 7H s

2. HREHEX2MERFZ /N ERIAFIEE RS20
2.1 5|8

NEIA R 2 T 40 5UE B AT I T2 f5 e o N7 1) O BV 3, AT SRS 22
TR RNV R FH 2 o DA D RE RS 32 2248 &M I R F B AN [FIAZ BE A F Dh g
IR , RIS IFERIZ BN FI DI RE ) — DB 2 T 52 45 (Culpepper et al., 2017)
fEH A, A2 e — B FE R B WO A DI RRIRAS, A RS2 B A A Bl 2
PRIIE . 7 2 TARIRIZR R, 1% RS0 T 7250 0 8] (AT RR P I ) A7t 4E
MEAEREME S A—JH, TRSEILeREd G H KPR EE R
(Schultheis, 2021), 2 8] TARICIZIE 5 8 AR corsi Bty A AR 55 (i
WSS Y IR 5D ATV . S0 0] DL K B AT AL, 5 anms UG 2R
NPT Morris 7KIEE AR EFVILSEIAEE . Morris 7KK B FH T VPl ik o4 sh ) (1) 6
T2 [a] 24 S FIEAZ BE /1 (Vorhees and Williams, 2006) , £F P-4 5 4 58 40 25 BN 0T P4
U Ty 25 K A5 0 RN 2% 2 (B AZ s e v BT SEAE I HOOHEG 5 1) B RS 5 )
I, R  X S8 9 A2 (R MG 1A Zh AT N2t FEBEAN RIS RE T, S W7E IR H 1
LT BT B BE K S R IRER 2, FB 5 Al AL s A ARSI 2R . 7
EARET, B T ZFRZHICNL, BN R R, a3 3 & &
i8], B 5% 8 1 G B BRI AE IER RER TP i R . Y e 2 M T 23 ]
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TAEIEfZ 4% (Heredia-Lopezetal., 2016, Wiz B G HRE A HER R, 7 H
BNYE R R 2 7 M 2 Il E Z BIIR RS I ), Btk Y B E Sl pete
RHIIE S 23 1B TAERE )T . B3 SR iR B Y A 5256 (Kraeuter et al., 2019), HJLL
RN B AIEENAT RAIRERAT A, AT IMNSE R s R R i B . SRR A
KRR LBy T X E A AR PR S R R, S A M A TR SR () R s S, T
FEH R XSS BN RS, (AEN BEARE R, e THRE P R X, fHitknl
NEZ I 5 s B A SO0 B . 7R IE R AR B AR R, R & 70 MR AR IV BRAR I R 7, (2
HRAEE (Underwood, 2013, T & K ILBEE ANTEEIGEK, BERR 5500 R (7]
SESTHR, KIAMEARES (/N T 6 /NI R v A N BB SR 1 XU 2 38 30%
(Sabia et al., 2021), FBA S SD 20 /N BRI IA KN Dl B 3 AT Fer 52 0] AN 48 o A
RS SR 3 I S R, Mel 5 TR A RG AR VIR R {H2& Mel 1£
S SD BLRE 3 R B RN B h R S R IR CEERAA Rt T . AR B E 2N
A Z AT AR, RIS Mel THISME SD BRI RN A ThBE AR
1k

22 MRISEE
2.2.1 IRIEEHHIHIAL IR

40 H 8 JE W& IEME ICR /N2 5 4H: CON 4. SD 4H. SD+L-Mel #41. SD+H-Mel
HE Mel H, PraHAR R ERAERZE &5 1.

B /INBRAEIE B 1 S () 28— R AT 7K B ke iR/ BROZ Bl Re 0 Bk, KA AT
NFERG /N R AT HERS . ARG AT NI 5 d KRR E NI, IR0 45 TR e kAT i 4t
72 h A SD, ERGEEHR G MR H 8 h BT KK B RIS, & oo e AE BT
EAFAE I A I /N B BE P & BRI, PEBS RIS, 26 2 d KKk B R RROEC T & 2
L Ran il /) B 5Bk 6 Y OCEONIAZE H AR 15 BRI IE], KR 2 d 45 R s
AT Y B AR A .

222 FEMNEEE

FHEPKERE (XR-XM101, E#ERKR, FED. Y EE (XR-XY1032, LR
B, HED. By (XR-XM101, E#ERE, HE D). SuperMaze S¥04T A 2# A0 A7 Mt
/\é}ﬁ (XR—XmaZG, Lﬁkﬁ’ E{:‘)o

223 RIS HAZIRT
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PEEEEZ (M5250; Sigma).
224 REHKEE

INRAKEE R B =5 BRK. TEF e i R8, KihEZEN
120 cm, 75 40 cm, JKFTNEBEIRBCR (O, AKAEH A (23£1°C) iRk, FFIMARREOT
BRI SR HAE I . KA NI RER (DL I T AT IV). ERR IV [ E A E
BN EE). BRI &, WEE/KHLL T4 1 em FIAE (K 2-3B).

(1) 58 1 d #A7 KR EE AN ZRIFIR 84T 3 0 — SOk /N AT A5 . & S
— ), BITE/NRE T TFGKMEF 1 min, iEHEMK. 2 FRRBHE 8:00 L
AT o T RS RO IR IR 25 R BRI, BATTERE T %A A 2R REAE AT
F B AR IR/ BROEEAT HE— P 9

(2) 55 2-6 d HEAKEKE IR, A5 d, & R/NREERIET 4 Wi, 25l
N RO SO VA=A R M o A N S s AN T R L (S A AT SN
R . SR 25 /N 60 s BIITA] F-HROKFE RO &, Wik 60 s /N AR E
FEMA TR 2 FamE, i REFE LEE 15s.

(3) % 7-9 d $/N BRUBN BERR R <57 22 B 4T3 22 72 h 2% SD.

(4) 5510 d VPSR IIZ 2 Be T . E 2 SD 4G /5 S AFAE IR, /)
BTG BT TEAL B X A ZR N K, 183% 60's /)N BRI BRRRF- & 11 16 88 AR 31
AR K B RN R AR

(5) 55 11d PPAS/NERIFICIZRE ST HREE SRR G, EIRF 6 SR
FAGAT BTN, FFHLT 60 s B[R] P9/ B2 H b SRR EORITE B AR R B B
RIS T8

BRIG SJE E R R I (5] — IS [B) RO AR [R] () R85 264 R AT . M FTFEVLIRE: R &
(XR-XM101; RS BHEARERAAD.,

225Y K

Y KERE (F20em, K 50cm, KT 10cm) HEBEAZEAR B, HTITAH¥
rHTe FRERHBE, KN BB SR HI L, FERFEATIRZR 8 min MR E]. H N E2
FREHNE . BRZBATNE T (%) #E CA/NRIEES T = ERES LiES:
BENZEE . BREBITNADE (%) HHRNESN=EH GESHIA=1AR
AV /B EEIRZ: 2) x100. 5m A 7r Hi B RS BT AN N2 38 mrl R fe
bR, RZIFR.

2.2.6 B it
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W3 B —~ 100 x 100 em 1 IE 7 TR THI AL A, T THI B 1 €26 80908 25 /> 20 % 20
cm H/NT7HE (5 x 5). IEJ7TRIR AL 40 73 A4 AL X, Hrbrebt XS4 9
AT (3% 3), AME X AL 36 SR I B BRI RS EE 1Y 16 N IE T TEAS T (Rl 20 em)
B N RSB AE PO X, A RS0 8 min MIATEIL . FEA T/
EEN ™ 5 AT ZE BR AR AN 3 vh e X 45 BE IR A] EE AT o R XATE RS AR b . ZE A0
W], H 75% TS HEIEEY g, EBR/DRAMRID, LR E 2N BT T
G RE, T R .

2.2.7 BIRES

{§i i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States) i
ITEHE T R os N PIE bR R (SEMD . 21 18] 22 55 R 54 R 27 Z 4341 Cone-way
ANOVA) # Tukey )2 & LA K 4T /04T, P A< 0.05 WA G EE L.

23 R
2.3.1 Mel 3F2M% SD /MNRZEI8)Z 812 8E 1rY 520

KRR ERERE— R (BECF G EERD, SXTRAMIL, Sk SD
/INEREIEE 6 IR [A] R0 PE B AR 2 2538 0 T 140.1% (P <0.001) F1130% (P =0.001)
(B 2-3 F, G. fEH RIS Gtk &), SXIEAMLL, 2tk SD /MNRAEH
i G SR A% BR T BsT (B R 2 8 & I BB 2 2 BRAIK T 63.6% (P=0.003) Fl1 58.7% (P<
0.001) (& 2-3C,D). LLESERFIL T/ R SD AP 5 RES 5] 2 /) B 2 (R0 12 B 407
o SR, HANEPERI 20 5 40 mg/kg (1) Mel Z )5, 52k SD /MRARL, FEF
£ BB TE) AN PR B4R R B BRI T 54.0% ~ 58.9% (P=0.001) £l 50.9% ~56.3% (P=0.001
~ 0.005), 7£ H x5 PRAT B B TR AN 281 & BB R E 38 0 T 103.2% ~ 137.5%
(P=0.02) A1 108.3% ~113.2% (P=0.005~0.008) (& 2-3C,D). Mel JAJ74LAl CON
AHBERESITHENL (P<0.05). SANBKEERELEEZR (F2-3H). M4
FARERE /N R Mel #h 7o Ho2 SJRHCIZRE ST 52 . IR S 45 R Mel g%
B 2t SD - EM /N B A A) 2 21124245493
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2-3 2% SD & Mel Fixt/NRZ=EI21Z 58 SIRIFNG
(A) ZEEEZIREE (BT G A7), (B) EEEpKEREREE, (O fEHERRRE
FHETE, (D) s HARRBRIE, (BE) N2 (B G770, (F) F
G BB R, (G) FIETEMBAKE, (D) AT amSAaE. CON: XfHE4,
SD: HEHRFIZFA; SD+L-Mel: HEHRFIZFHIKAE Mel T4, SD+H-Mel: BEAR F25F+5 71 & Mel
T4 Mel: PSR EBRBINA. 4550 Mean + SEM R, EAMF LT RHEZER
BE (P<0.05); FFRHAERTLGITFEL (P = 0.05).

Fig. 2-3 The effects of acute SD and Mel supplementation on the spatial memory ability in mice.
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(A) Track plot of spatial memory test (without hidden platform), (B) Schematic of the Morris water
maze, (C) Time spent in the target zone, (D) Number of entries into the target zone, (E) Track plot of
spatial memory test (with hidden platform), (F) Latency to reach the platform, (G) Path length to reach
the platform, (H) Path velocity to reach the platform. CON: control group, SD: sleep deprivation group,
SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-Mel: SD + high melatonin (40
mg/kg) supplement group, Mel: melatonin (20 mg/kg) supplement group. The result represents the mean
+ standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

2.3.2 Mel 324 SD /NRIEHA TAFICIZRE NIRIZ N

Y 7KK E B FH SRVAh W 1 Sh P R TR IR RE ). 45 R EoR S IRAARLE, 2k

SD /NR AR BT NE LB E R 21.8% (P=0.001), $R1, Z44MNEHED N 20

55 40 mg/kg 1) Mel 2 5, 52k SD /NEAREL, BRASBAT R E 7 A B 1 33.2%

(P=0.001) F119.8% (P=0.018), HiIZIBIKE XA KK . TERAME I Mel

HEHHBRA/NRA 2 A B ER (P>0.05). LI ESEREI Mel (1478 AL TR
A SD SR/ A TARIC I B4R 1 -

L'l
- AL
- .' '-\... - T
oy G gy
~-h__-- Lo ___,-':_':.-_-__d_.-
. -:__'__.-"
‘.
|
|
I
A o
o o *
A i v [ "
=g | ] i
= u N oA
H v i
E o :""' i | L
L I
] n H |
: %
— - - - R e R

2-4 2 SD & Mel FHxt/NREEATIEICIZ8E IR
(A) CON#, (B) SD#4l, (C) SD+L-Mel 41, (D) SD+H-Mel 41, (E) Mel 41, (F) HAEZX
BATNE M. CON: XHEZH; SD: BEARFIZFZ; SD+L-Mel: HEARFIFHKFE (20 mgke)
Mel T-7i2H; SD+H-Mel: FEIRFIZT+E7FE (40 mgkg) Mel T-7i4l; Mel: HM4EEHE (20
mg/kg) WM. SR Mean £ SEM FoRr, WA MAE LA FRREZEREE (P<0.05); [
FREAZR LG EXL (P = 0.05),
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" Fig. 2-4 The effects of acute SD and Mel supplementation on the short-term working memory in mice. -
(A) CON group, (B) SD group, (C) SD + L-Mel group, (D) SD + H-Mel group, (E) Mel group, (F)
spontaneous alternation behavior (%). CON: control group, SD: sleep deprivation group, SD + L-Mel:
SD + low melatonin (20 mg/kg) supplement group, SD + H-Mel: SD + high melatonin (40 mg/kg)
supplement group, Mel: melatonin (20 mg/kg) supplement group. The result represents the mean +
standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

2.3.3 Mel 3t21 SD /NREEHIT AN

OFT MR 72 Fl TP EEREREAT . A T VPl Mel XF 2% SD SIHZ R/ R £
JEFEAT NI, FRATHEAT T OFT MK, B4 pbmgtl, mh Jemf[a] LAz 30
o B 2-5 A B T/NRAE OFT MK iz a2 . 45 R Bon XAttt &
PE SD ZH fty b g B B LU AT Fp B[R] BL 1 S5 3 PR AR 40.0% (P = 0.001, & 2-5 B) Al
46.6% (P=0.003, & 2-5C). 4R, &5 SD /MR 2 A #h 78 20 AT 40 mg/kg Mel &
Hde i B LU EE 2R CON HIR/INR T T 57.1%~75.3 % (P=0.001~0.009, [&]
2-5B), WA HEE TR T 81.1% ~ 105.9 % (P = 0.000 ~ 0.006, K 2-5C). ifi
Mel AbFEZHAT CON 22 A b s fi B b A rp e R LU S BB 2R (P> 0.11). T4
TAREE /N R Mel b rn xR/ R i s (RFED B s (& 2-5 B-
C). IrAHZIAIME) B ERAREZER (K 2-5 D). XL REY Mel GBI
H ol SD SE M/ RAEEFAT N,
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.'g. L] = : ¥ ]
20 u g " Bowd dly, & » &
- sl o . * g 3 @ M3
é 2] L E ‘ﬁ" L' 3 o |;E E 1] | ; i E'ff-'l . y
= & " e 2] e d 8 al [
§ 4 .E " |en ,?. f :: aiae
z ey :
3 Eoel 12 - — '

& 2-5 2% SD K Mel T/ N B EAHT A HIRZNT
(A) OFT gz, (B) R EHIE (%), (D) FREEIFE (%), (E) &
KIZZNEEE (cm). CON: XJHEZH; SD: HEHRFIZFZH; SD+L-Mel: HEHRFIZF+LHIE (20
mg/kg) Mel T1i4; SD+H-Mel: HEHRFIZF+=57)E (40 mgkg) Mel TFidl; Mel: MR

% (20 mg/kg) HINA. 5L Mean + SEM FoR, WAMA LT RMEEREE (P<

0.05); [AFHRHAZERLEGIFEL (P = 0.05),
Fig. 2-5 The effects of acute SD and Mel supplementation on the anxiety-like behavior in mice.

(A) Horizontal movement traces in the OFT, (B) Ratio of central distance crossed (%), (C) Ratio of
central time crossed (%), (D) Distance travelled (cm). CON: control group, SD: sleep deprivation group,
SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-Mel: SD + high melatonin (40
mg/kg) supplement group, Mel: melatonin (20 mg/kg) supplement group. The result represents the mean

+ standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

2.4 g

B RATE L 7KK B I AT N 1/ R 22 ] 2 512, AR ZRZ 5 T /N IS 2R
I R4 R A RIS AT . 72 h SD J&, TERGE-Y & A E B ERATH SR
P2 SD /NSRBI T GALE, BRI TSP G AT S, £
VR A AR 2 /AN B T R A — B0, ARBLR T8 PR W/ BT UK B /1 B30T 2257, T4
T Mel ALBEA /) SR BEAR PRI BRI & o R E8E s, IATKIEHE SD
PEEZK IR B A T8 00 H IRk, JF BAAT B HRIRGEEZ IR G I E, XKW
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HX SR UER AL B A 012 . T CON 4R SD+Mel 41178 B3 22 IR AEF- & (R iz
B34k, RUHMERKICIZ T FEMAE. SERATGT AL, L 48h ) SD fEWS
G2 /N R A AEAZ 4% (Caoetal., 2019). BEAN Mel HIHMTERE B8 47 B 5 Bl AL HEL 15
FHNR A AEIZEE /I R (Muhammad et al., 2019).

b TS HILZ, BATERAT Y BERN/N R 2w TECZ. AREE
TNEITE (%) B0E WNRAEES I =ERES FIESEHN=ZBREN. R
BTN E D (%) HHEONESL ) = E A GELLHEN AN HEEED B aS08 2 2)
x100. & 7 L E RS BAT RN 2R S EIBE IR bR, R IR ATk
L2 SD /N =ANE LB LR 2, RN B R BAT N FEK. 11 Mel &b
HE M EE SD /MR BES I E— e E, AR EAT NE oS SD A
BET . BRI Mel B 405 18 H0 1) A0 SISO A 28 98 0 1) AR, 33t T 5 B 1k
Wi $5493 175 5 1) 25 18] AR 121294545 (Rehman et al., 2019).

FATIE OFT Mk 1 2% SD /MR AEEREAT A (Kraeuteretal., 2019). il
X TR, FAVKI S SD /N RAFEREIERAT Jy, BRI S DX [6) & 43 LA
P T 70 B R . X B85 5 5 CORT F1 Mel /KFHIZSAAR— 3. 5IRATHI R IIZEL,
24 h SD FE Y 28 B W A 2 [ AZ BREA AN OFT MK B AR FEFEAT N (Misrani et
al., 2019). SRT, Fi Mel 677 FIBEARAS & (1938 BAE R0 X 385 B B TR B BB G . X
se gk IS B 1S AT SRS HE, Mel RT DL, #0148 5 40 IR\ 0 D) R i Al 4804 25 4
5 (Alzoubi et al., 2016). BtAk, HBF S Mel 1)/ BRI H 5 XS B ABUAT A
1k

Rk, BATMERER, 20 SD iFES/MREMSHILL. =0 TAECIZH
FEEBFEAT A KA. T Mel (AR RER RN 2% SD 531/ BRIA R0 Dy e

ﬁ%!‘ o
2.5 IhNg

200% SD S T /NEIAFITE S I A AIEEES AN, [ 528 B 4T A4 L 1 BRAR R e o
o X 445 R IR AU, BN RS RIS 007 2% A TAERAZ a5 40 0 e (4T
Ho T Mel (IAMNEHERINEE A 2000 ks 2% SD - S0/ BUA AN Th Be arg .
3. BENENESARERIZESEIHAETESL
3.1 5|5

KIBGEL B KL 1000 IZANPEE TG, BAME TCEE B TA KAl R A
G IUAR G T DL A A5 JE A B A T, (L o 5% Ak P R o 1 22 70 2 1) 77 AR R R 1
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o] 2%, AT AL S AR h e 5 LA T . iSRS 55 ANtz s EEZ X 2 —, i
1T e — A AP 1 R s 3X — 3 2 75 B A X R A0 22 0 A ELRC & 4 g
SER (Asoketal., 20190 SRTT, ZFhIM TR R RO LRI IR M Ee, H2
SEMZTCHISET.; XA T2 AR, B8 H AT LRI S DG X A7
TEME RIS, HRL R A TG A AR X EME 4E R4 o i IR 5
HEMIBEX P A RGEREE . NeuN MO R EN, A/, KW
2 O, ERAERERAL T RIE . NeuN BENS & & S WL i 41 2L 22 T 1
%% (Duan et al., 2016). 5 HARENRA E XA T EEA W E I, &R HE
FIREZER (Wadhwaetal., 2017a). & 7L ICHIEE, LI EeRGS W @
JB IR R S o #0280 0 FRLAAR BAR 58 P A7 AE K [ PE B P TSR AN, %4 8 )8 IRk, &
(R Th RE AL A RS 40 2 T 75 (R S P B 1 L & A 8356 5 Pl 7 PO B IS DA R B R iy e 2
WL, HIEAR. BEM AR ML e AFE (Lindroos, 1991). fEMGZLZH,
FHEE T A AR AR R & A 2 R A R S 4t i, A& R M4 J0 Y 10-50 . /NRFAE
DK HS SR A e 4 i, AT 2P DhRe, B AR & oiE AR, T 4E 2]
FICAZ 5 PA K 78 22 DR i Ja3 740 FR) A Wk 4 L AR 45 21 A R o /0N IR I 4 A £ P PR AR S
1 AR 21 ML BRI 28 1 M2 B, SE IR MR R SISO R ORI
TR A5 0 B BB IR R A 3 G PR AR 2, (ELIE B IR /N SR A i 4 b 1 S v AR
A, FERSWZ PR RMIE T, IRMHERAER KA (Bartels etal., 2020). FEIA
HRR 2 DN SN B A A R 1 3 B R R AT /N IR B 4B B A i B2 A (Luo et al., 2021).

W 5T 3R B Mel BERIVE AR K ¥, b s i 2 DhRe, BAHLR/EA (Esposito and
Cuzzocrea, 2010). #AEHAA] Mel AE1H 7 NF-xB @G (Alietal., 2015), #Eied
A R Tkt IL-1B. IL-6. IL-12. IL-10. C-RBEH 5 TNF-a (Kimetal.,
2012). A Mel mliEAIHH HMGB1 /13 B)/NE BT 40 M3EGE F1 CRTCL AR Hhe
TGRSR, MR S LA PR 2R i oG 7 B 14545 (Lo et al., 2021). {H & Mel
RE7E 2k SD - S UM T E R A R b RAESCEE I M S 2.

3.2 MRS 7E
3.2.1 RBEENPIHIALIE

60 11 8 FESHEME ICR /NELAM 4 4 41: CON 1. SD 4. SD+L-Mel 4. SD+H-Mel
W, B/ G A TR A [R5 — S

3.2.2 IIE T ERFA
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60 A/NRRTEIES: 72 h SD Ja T4 b 8:00 HHATHUM, K 1% S B HE 228 5t
B RN EREEAT R, FESZRIEEAT /AN RS At . R 6 /N BRI 4% 2 5 S
W] 5, BARHERAE 9 e /N B 0 B JIR BY T 3R 85 Sk B, BT TR AR B T30 4 Sk i e ]
Wk NI L, B 200 70 1 B e A2 F E sRA 2120 . [RIZH IR 6 R
/N BREBCH U By, ST RIFBON R BH R /N PR # 22-80 °CUKAH AT ELISA Al

323 FENUEESR

W STARE A (ALCBIO, Eifg). AEYI A #Hl (LEICA, RM2235 2, fH[E),
EHL AP (KD-BM, WL &ERNEER S ARAR,FED . e B
(Olympus, BX51 &, HA), EMHLHE L (KD-T, WrileERbdiEs i &A R
AF, PED. BREERTESE (101-A, JEiaoe B Acs), PED. BBE
£ 2% (Olympus, DP72 Y, HAD. 2HINFIEHIVKHL (IMS-20, 7 24T HE B2
HIRAR, BED. 4 KF (AL204, Mettler Toledo, Fit:). fZ B LHL (Mini-6K,
PUNBBEAE AR AR, HED. BAXEERRFRM (GPR-9160, LifFAR{E LIS
HIRAHE, HED. #ids (Eppendorf, fE[E),

3.2.4 R EIRFT

2% % L AN . 1%IF VAT . 4% 2 B, ZRBER. LK. &
PEIEYE ORIRER A A TR AT ) AP/ NeuN FfEHIIA (abl177487, abcam).
P/ Ibal B [E Pk (ab178846, abcam).

325 HABEBSY R
3.2.5.1 BYIZINEAL

WS [ 5 R/ SRSk B S R BRSPS 1 Sk FH BY ) A AR AB B 44 2 i 4L
B BN BB HTE N, R4 /0N B P [ 58 4 5K AEsh i A B2 DR Sk
#8107 L DR =N A R Sk R AE ST A AL RE R AN RESE Bl SR R AR
PR AE TR IR DI T D) AE I B i X

3.2.5.2 fRk5iERH

B ABUF I H SN DR AR TR K 53E-H: 50% 15K 3 h—50% 11 5k 3
h—75% I V%G 3 h—75% 11 ik 3 h—85% 1 15#%5 3 h—85% II ks 3 h—95% I k5 1
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h—95% 11 i#5 1 h> /K 4HE 11 h—T/KLEE 1 h—»T/KAEE: WK (1:1) 11h—
TeKCEE: —HZE (1:1) T2 h— —H 2 130 min— —F 7 11 30 min.

3.2.5.3 2t

FHLS RN — b (M5 56 -58°C) « gkl (A 58-60°C) . =
gl (I N 60 - 62 °C) H& 1 h 30 min.

3.2.54 6118

MRAE IR RN, ARG 98 A G, B T2V A 0 e 3N T 4% 2 1
Wb, FAE T IAR R A LSRN G i e, N S DI, #
ISR HR A

3.2.55 AYIA

B A ST E L, UIREE N 10 um, ESY) A& S5 sk B—ik A
FHN—EYIF, 40°C /KHRF, 40°C KR HLH¥E R 4 ho

3.2.6 REELLFIRE
3.2.6.1 IR LT

(1) PRI —HFZE 111 %% 10 min—100% £E—95% £ —85% L FE—75%
LE—50% L BE— 751K (B4 3 min).

(2) 7KAb: KHZY R 50% kG Th B, FEZ& B /K PRI 5 min. J57E 0.01M
PBST ZZMi HZ ¥ 5 min.

(3) FEREPFEEE: 0.01 MATERIREZ M (BRI, DI . ik ok
4 100%H4 42 M A 5 min, BV 5 FBAE 20% 4567 08 3 min, FLI0# 3 K.
REZERBER, EERFETARAH.

(4) JE¥E: 0.01M PBST Z2 i HHiRif 3 ¥k, HK 5 min.

(5) B AWML EALE R : 30%i S EROLELE N 3% M AL A IE. H
WK AR ZHZ R i PBST W, PhHdiZid FE 1 AT 4, i s =
PRI, JEHIN 3%id A A S R A, A e G N B AR S,
&P 25 min.

(6) JE¥E: 0.01M PBST Z2 i HHiRif 3 ¥k, HIK 5 min.
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(7)) MiEE A EEJERE 5%IME (5 =FuEVE, 8T 37 °C HiRFE T 30
min. WKL TFAHLUA R PBS, VNHEARET H, WA TSR FREIE, FRI
WK AR 7T A 28 [l e, R P, (2 AL g aec B TR

(8) —HiiE: H—PMBRE A FWRE MR, %G/ Ibal BigkEdik
(1:500) A4t/ NeuN B Ig PR (1:500). BHMEXTEEH] 0.01M PBST 22 4%
B—Pi. EEMG ML KA T15, S A B A 2 23 PRl P, K — B n &2
Wl N SE e AR AU, UIZME AR B IRt a0 OB & TE 4°C UKFE
HIEE -

(9) 24 h JE¥ BN UKFEH I, HETEIERT 40 min ffHERE.

(10> J5¥%: 0.01M PBST 2 H iR 3 X, 4K 5 min.

(D ZHiEE: HPUERBRE S DR EPL %R [gG (H+L) (1:300), %
ML FRARRT, WIS . SREE 2 h.

(12) J5¥%: 0.01M PBST 2 H iR 3 X, 4K 5 min.

(13) /i1 SABC (1:300) : #AE &M EFI—$t, SABC EEWNEFRAR
MR- SO E A .. EREE 2.5 h,

(14> 0.05 M TBS Ti#: 0.05 M TBS {&f7 T~ 4 °C, FZ HiH2 /i & ok % iR 117,
AR AR FIn—$t, =R F#E 10 min.

(15) DAB Fi## (1 mg ] DAB % 2mL ] TBS, #): %A1 L TBS,
WK AR W T 2R [l TBS. Fii Ni&E & DAB TUBGH, = IR#FHE 20 min.

(16) DAB 2t (495 uLDAB K H I 5 uL Ho02 R, #E) - fEIRAH
DAB TER _E X INIE = DAB B AW, #E 5-10min. fERMEE T, X
JEBHAT T EH], RN AEET T Ak . E B N S, A ULBH M e 5 L
T HEGR G, IR A] DL b 8 78 K e 2 B

(17) B4 2808/K 5 min—H KK 5s ~2 min—> (OEF—i#540 20 min (H K
IKFHYE) —Z817K 3 min. HRKM I s T WEE, iz, 405
TN,

(18) JBi7K: 50% L FE—T75% L EE—85% L BE—95% L BE—100% L FFE—1:1 ZHZK:
LI (AR 3 min). fEHRF, WERUIFMEARZIR.

(19) #EW: 50%P9H 5 min—>75%FE 5 min—85%IAE 5 min—95%i g 5
min—100% % 5 min— 1:1 —HFZ: 28 5 min—» _F 2K I 11 % 10 min.

(20) 53.2.6.1 1 (6) HIF.

3.2.6.2 BRRESHEDH
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INERA LR A e e AL e e ) PG R B SR FREE R INT, BRI (EARE) B
T HIRET 23 BITE 205 40< (8 Sk TR, SR IEME . WS g H Sk 2 2
Rt ABEYLERE 5 R/ANRE/NERI R, B— Rk ES T R 1) 5 %)
F, B—5KPI A M CAL. CA3 F1 DG XA BENLBEE 5 NMLEF, & et Bl MEF b
FHPEZN A TOD {E 3T 45t

3.2.7 BREX R IE R PRI E R AEERE TR S &
3.2.7.11L-6
(1) R BT S

¥ 1 mL BPRAE ARSI FRHE S Y, IR T REIRPEHEL 10 min, JRPHZRER
Sesly, HEARER R 2000 pg/mL. SEKE AR AR RE R 1000 pg/mL KIVERUE, 1
£ 5 A EP & H T-Hl & A RIWREE AR HE AR, SElRN 600 pl FFRAE ol 4 B
TR EP B, dbmikik 3 fdks, HREEA 500 pg/mL. 250 pg/mL. 125 pg/mL.
62.5 pg/mL. 31.2 pg/mL. 15.6 pg/mL. 7.8 pg/mL, FrE BRI E N 0 pg/mL,
e Bl BHPEE 6 NFEM, BN FEMIUES 3 R IINZE/DT 10%, it
[ Z /N T 12%, PR A 3.2 pg/mL.

(2) KPR

(1) FERG%: HiEDHSUZR 1.9 MBS INEE AR, 7ER G IZ R
60 Hz [30F Z%% 2 min, K4S BERE N FRifE .

(2) s IIAFRHESL . FERARIFLE 2= A fL. prdEfLE 7 5L, T A
100 pL B B4 (1) 7 AN OARE S 0 100 pL s SRR T2 B4, HAaTL
IINFFIIFE & 100 Lo B SRR R80. F850IRS), =4, K78 5 T Bbs
W, T 37°CiRMAME 1h;

(3) FEWME, BT, THBEE;

(4) Bl BREfL. FRIAE S AL, 2 AFL I AKIIE R A TAEW 100 uL,
HER25E . RS, BRSNS, AR TEAR, T 37 °CIEAEWE 1 h;

(5) FHNBEARAR B3 AL NI, FEAERRFLF I 350 uL BIPE IR 1~2 min
BEATVRGS, BE KBRS AR B0 T IROK AR B R 1T AR R AL N Do ik
HE 3R BekeE— UG, BBl B BRI

(6) AL (BRifEfL. FRIUAE SR AL, 2 AF0 HImARME R B TAE 100 pL,
HER25E . RS, BRSNS, AR TEAR, T 37 °CIERAEWE 1 h;
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(7)) FEALNWBE, BT, W5k, IERPER 4

(8) WH 90 uL TMB JEVIEBIMA TR, K8 I 56 T BEARRIF BN 37 °C
IEAGRE B0 (RN MRFIZE 10 2 20 min, M SNEKZ#5E 30 min. 24FRAETL
()5 3 FLHE BB B B R (1, Bl b B

(9) W 50 uL MBI TRfL, bR . #HEEHIAY—, 7T
BRI PR SEREAR AR LA 3E I TR 40 1R 2T,

(10D SEREEFRACH 2 450 nm P, 7R PRUERRFRARUR H 0 SR RS
ST RPN B AR AR ol &AL OD {H;

(11) BIEALEE . R FARAE S SFEA R OD 151 B H AR IR T . brifk S i
W NP ALKR, OD N ALPR G AR 28 5 A, S FE 51 OD EHARNZ
A, 15 HFE S VR EE, 5 FF S RORE, T3t LR A5 4, 73 2B A 92 PRIk FE (pg/mL).

3.2.7.2 TNF-a
(1) FREROERES IR

¥ 0.5 mL (IbRAE SR BEBUIMASRHE S, T ERPHFHEL 10 min, HKir
B 55, MARES A 2000 pg/mL. S AR SRR 1000 pg/mL AW,
#E 7 A BP & T & A FIR B AR S AR R, e 600 L FbRHE S Ff B
THAN EP &, HEMRIK 3 ke, FHIRE N 2000 pg/mL. 666.67 pg/mL. 222.22
pg/mL. 74.07 pg/mL. 24.69 pg/mL. 8.23 pg/mL. 2.74 pg/mL, by FiRR I EE A
0 pg/mL, A{EATHFL. BHPME 6 MELHLFEMN, FMERIIRESR 3 K.
LN ZNT 10%, HEEZ/NTF 12 %, FEIER A 0.98 pg/mL.

(2) PR

[ 3.2.7.1 (1 (2D,
3.2.7.31L-4
(1) FREROERES IR

¥ 1 mL BPRAE ARSI FRHE S Y, IR T REIRPEHEL 10 min, JRPHZRER
SE5f), MEARAE SR DY 1000 pg/mL. Jokt bR sh AR K 500 pg/mL RITEWR, FE
2% 7 A EP B H Tl 28 A R BE PR s AR, JEN 500 L FRARE it A BV T
AN EP Eh, AR KA LU, HOKEEDN 500 pg/mL. 250 pg/mL. 125 pg/mL.
62.5 pg/mL. 31.2 pg/mL. 15.6 pg/mL. 7.8 pg/ ml, FxESHRE IR E N 0 pg/mL,
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EAT Bl BATEE 6 NMEDHELRN, FMEMPES 3 k. #ftZENT
10%, HLiEIZ/NT 12%, KEMER A 3.5 pg/mL.

(2) PR

[ 3.2.7.1 (1 (2D,
3.2.7.41L-10
(1) FREROERES IR

¥ 1 mL BPRAE SRRSO FRHE S Y, R T REIRPHEL 10 min, JPHZRER
S, MARE IR EE N 500 pg/mL. Jelé bR G BB 1000 pg/mL (¥, FE
#% 7 A EP B H Tl 28 A R BE PR s AR, JEN 500 L FRAREE it A BV T
AN EP B b, AR KA LU, HIKEEDN 500 pg/mL. 250 pg/mL. 125 pg/mL.
62.5 pg/mL. 31.2 pg/mL. 15.6 pg/mL. 7.8 pg/ ml, FxESHRE IR E N 0 pg/mL,
AE N AL BHPAE 6 NMELHLE M, BFERIURES 3 R N ZENT
10 %, #EIEZE/NT 12 %, KR 2.7 pg/mL.

(2) RIEPLE
[ 3.2.7.1 ff) (2D
3.2.8 MBI

{§i i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States) i
THAE DM IR N IE + FRvERE (SEM). AR ZE R R H N R T Z5 4 (one-
way ANOVA) F Tukey ()% B LW AT 70 8. PAE < 0.05 WAHF SRR L.

33 &8
3.3.1 Mel KZE2M SD IFEM/NRIEDMETTEL

NeuN JEMEICRF R E A, 8 e A 0 2200 I i ifg B 20 2 2 o I 4L
& (B 2-6A). AEHE U gLt R Bon 2k SD 5, SXTRAMLL, #5 CAlL,
CA3 il DG X H £t o 8 2 25 PG 16.2 % (P < 0.001) , 21.4 % (P <0.001) Al
19.4 % (P <0.001). #RiM, #0120 mg/kg i Mel 2 J5, 55 SD AL, M4t
BB EWINT 20.2% (P<0.001) ,204% (P=0.001) #1154% (P<0.019), Mel
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WRASHRALSL T ¥ER (P> 0.05, E2-6 B-C). [HFEH, 40 mg/kg i Mel
AR S SD BRI A T AR BE N ESEEEN (P>0.05, K 2-6B-D). LI E
PN G5 RIL AR B Mel RERS 203 S 1% SD 15 S 1M P& o & 2K

[A) CON sSD SDHL-Mel SD+H-Mel

{B) () (1)
g™ st [ b
B i -E. o o = 0 'E il H a
E ™ b a o) % mi S
i = LR E
é ] E s E -
i - "'E 1
§ : 5 3w
cou S0 BOslofdel SO ikbbu o P . ST ST T Ehsiiim

& 2-6 2% SD K Mel FFisd /MR85 NeuN PRI 4BREE EHIFZNE
(A) ANFAGG A A D4 70 NeuN Rt EE (EEBIRCY 50 pm), (B) 5 CAL X, (O)
# CA3 X, (D) #5% DG X. CON: Xffi4l; SD: BEHRFIFAL; SD+L-Mel: BEARRIFHIK
A& (20 mg/kg) Mel T-T4H; SD+H-Mel: HEHRFIF+m77E (40 mg/kg) Mel T-Hid. 25510
Mean + SEM %7, A MFE AR BIEEREE (P<0.05); FATFRAERLS T E XL
(P>0.05).
Fig. 2-6 The effects of acute SD and Mel supplementation on the number of NeuN-positive cells in
hippocampus of mice.
(A) Images of the NeuN-stained hippocampal neurons in the different experimental groups. Bar = 50
um, (B) hippocampal CA1 region, (C) hippocampal CA3 region, (D) hippocampal DG region. CON:
control group, SD: sleep deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement
group, SD + H-Mel: SD + high melatonin (40 mg/kg) supplement group. The result represents the mean
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+ standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

3.3.2 Mel ER M SD IBFHV/NRIED MR AT &L

Ibal /MR AR e b 22 Qe e g5 R BoR, S SD 25, SXTIRZAAHLL,
 CAl. CA3 #1 DG X+ Ibal FHPEZHMEA IOD {E5r#3E N 118.9 % (P = 0.002) ,
116.9% (P=0.001) f195.6% (P=0.002). 2R, %I 20mgkg I Mel 2 J5, 52
PE SD A AHLL, Tbal FHYEZHAEM IOD {H W& FEK 7 51.2% (P=0.003) ,35.8% (P=
0.007) H142.4 % (P=0.003), Mel #hFZH 5% RA TS 2R (P> 0.05). [FFE
(17, 40 mg/kg 1] Mel 1AM 7EtHXF 2 SD 75 5 1/ iR 40 i FE v b A I 35 1) G 1R
M (P>0.05, E2-7B-D). LLESFRILFFRI Mel fefl e St SD 75 -F KI5 /)N
JR o 40 st v AL

A CON SN SD-1-Mel  SD-H-Me!
CAl i
CA3

]
wr

iy L 5 1
_ _ a8
T ] B E . e T li
= iy E '! B E®
el s E . P w 2
] | I'_'.;] E" : . = i
= i 1 4 i E -
& 14 B B & £ = 5
= F e (e - E
g ||* [ | ] g* g

e (£ 1] ERal el Al il ' W L] A e WY

2-7 2 SD & Mel FHx/NRiE S /IR RAAE K TR 20
(A) ARG /N A Tbal Je g CELBIRON 50 um), (B) i CAlL X,
(C) #5 CA3 X, (D) #5 DG IX. CON: XfHidl; SD: MEARFIZFA; SD+L-Mel: REARE]
ZHEFIE (20 mg/kg) Mel T-Tid; SD+H-Mel: BEIRFZ+m775 (40 mg/kg) Mel T-TidH. 4
P Mean + SEM o, WAHME LA FREZEREZE (P<0.05; FFEHERTSIE
BX (P = 0.05),
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"Fig. 2-7 The effects of acute SD and Mel supplementation on activation level of hippocampal microglia
in mice.
(A) Images of the Ibal-stained hippocampal microglia in the different experimental groups. Bar = 50
um, (B) hippocampal CA1 region, (C) hippocampal CA3 region, (D) hippocampal DG region. CON:
control group, SD: sleep deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement
group, SD + H-Mel: SD + high melatonin (40 mg/kg) supplement group. The result represents the mean
+ standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

3.3.3 Mel XZEA 1 SD 55/ RIB DR RNE R M

FATVE AT I 5 1 R T~ RIB SRR 7t St SD & B 1E T T S 48 205 [ N KK
Ao WK 2-8 Fan, SRR EX AL, 2% SD /NRIE S HARIE % T IL-6
5 TNF-o (/K FEE LT 34.1% (P=0.001, & 2-8B) #i182.4% (P=0.001, & 2-
8A), MHLRKIT IL-4 5 IL-10 KI/KF4r A FEAK T 30.4 % (P<0.001, & 2-8C) #
32.0% (P=0.001, & 2-8D). S, Mel IINesE 1 S SD i S HIME % K118
IMSHRR T . BIEHrRY 20 mg/kg () Mel BN 5, S5 SD /NRAMEL,
Mg G K BT IL-6 5 TNF-o 7K B3 KT 27.8 % (P=0.001, K] 2-8 B)
M 44.6 % (P=0.002, K 2-8A), MHLRKT IL-4 5 IL-10 KK RZEIEIN T 28.8 %
(P=0.001, K 2-8C) F149.3% (P<0.001, & 2-8D). Lk4l, Mel @I 5xf 2
ZEREEZES (P>0.05),

A B = D
_II.' - H l-. I!:
H L] F F "]
£ o, i -l S » 7
0 I : b & Tl -
= ok E =+ B Bl g
5 b, o __t' '-:'-:.- s [ S i o ___r_"_‘_ ¥ e Lr
- = o B o § t B ]
a3 :Eg b ; 5 "'J r.-\-'|1| 2 o = a9 ]
=4 o e Lk R H W = or Al b BE-HW L1} Eri Sad BNIF. e
= ar BIed Ml BE WL

2-8 24 SD K Mel x5 A SELH AR A F B S
(A-D) G HHLRAEM M FHIKF (TNF-a IL-6. IL-4 RIIL-10). CON: Xff#ZH; SD: [
IRFIZF4H; SD+L-Mel: HEIRFIZF-HEFIE (20 mg/kg) Mel T-1i4H; SD+H-Mel: BEAR S+ 7
= (40 mg/kg) Mel T4, 455901 Mean + SEM ®ox, BEME LR FRAMEEREE (P<
0.05); FTFRHAZERTGIFE L (P = 0.05).
Fig. 2-8 The effects of acute SD and Mel supplementation on hippocampal inflammatory cytokines in

mice.
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(A-D) The levels of cytokines (TNF-a, IL-6, IL-4 and IL-10) in the hippocampus. CON: control group,

SD: sleep deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-
Mel: SD + high melatonin (40 mg/kg) supplement group. The result represents the mean + standard
error of the mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those

with the same letter do not differ significantly (P > 0.05).
3.4 118

PREE TCHE T AE LA 28 T0 A 2R BRI RE B A 9 REAE R & A pih 22 3R AT MR Hh 2 6 R
BAEA . HTPEIURMERA, BRI HE TG, A TORIPE T 2 R I AR R Ty
%o AR EEIR, 2tk SD /N IE S N NeuN FHIEMIZ T E D>, FoREtt
SD 5l T Ak, SR1T, Mel A FREGE TIXMILER . IETIAF AR, Mel
AT A 4 T R IR AR R s BT | AR A RIS (Muhammad etal., 2019). BiF 5T
RIBIG M5 )5 Mel REUSIE IS 0 NRF2 388, FH#hZt KEZER (Wang
etal., 2019). X—RKINSRATMEE R —3, 4TS SD /MR AMFRAMNEME Mel 5,
7EME ) CAl. CA3 1 DG HTFEMMA T ERGE] T IGE. RERMEEERZAN T
SHHALmEI R, HEBEHEEREmN, 238N SD EME o fil ik
FFBG M (Hulsebosch, 2002). /NR A MEA R PR RIB 400, W24, B
BOLAE R AR T, {EdE2 B4k (Leonard, 2018) . /)i i 40 A 1) 3ok B Sy 2= )
HRRX A 2R R GE) 4E M. (Colonna and Butovsky, 2017). fEARFFLH, 1E SD /N
I CAl. CA3 1 DG X1 Ibal EisFtE, &7~ SD FHFHIMEIAE. Mel 16I7 7 1L
oMt SD T /MR AN AR FE S o 5 IRATTZ BT RORIE TR AL, FHI /0N T 40 B
JE AT LA 48 h SD K Ui 5 1 23 [REAZ A A4 ik 42 (Wadhwa et al., 2017b)
PERIE, ENRFSLIh, 18 SD SECK R F AT X NF-«B I8 5 1855,
LKA 98 A PR 7 4 TL-1B+ TNF-o A1 IL-6 ()75 (Manchanda et al., 2018; Wadhwa
etal.,2015). NF-xB BB ESEAMT 1, 7F SO I B 5 38 B B A7, — HORAR
FACRIBL, B o e B0 MR AZ 75 5 & b S E A0 L DK (9 40 WA S I (Lee and Lee,
2014). UbAh, HIRIER Mel BAIURGE ST RKIEMARI HITER, et 3| G i
TEH S 1 NF-«B 385 305 (Yang etal., 2020a). FAlTH BT IBT R 45 - % B, & SD
7N RV Ty DA AN 1) A 1 412 8 A DT 7 RV IR B R L R A B IR 7, 17 Meel @340
il 7 2k SD 5T B B /N ot 4 M ) FE R AL, AN 9D TR A 2 B Rl (R KR
RIEHGIRAEH

3.5 IhNG

S SD REWS 51 kS By AL A /B o A B A T LI AL e g2 A8 A I TR 1 1 20
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AR Rre B S EREIRRIZE ST RERERS (0 B A S B R 1 T U
FEIMEN A AN N T B o, IR T AN Gy XA AR e R A R e T, et T
HUNRINFIThBERIBERT o 1 SMEE Mel 4070 BEA AT A2t JORE A, 44
ZIMER, BABEZNE SD &M 2 HCAZ B A B REAT
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E=E #RARYEIUERIFEFEINETELNE
IR

| EEYENEARERINSFSN)N R EDHAETHRIE T REVF
1.1515§

1E L — I BATR IS SD @Rt/ b ifs S o g, 2 S8V R
RIS AL 2R TARCAZ G AR FEFEAT NI R A . (E2 2P SD 512/ A
SN THRE RS ML M ANTE 2 . Bl i — TR SR B, R HIRIRE £ 3 2R B0t B 5% (A e s
5, I EE ) R 2 A XS R ORR o T 20 (9 5 25 1 (R B B A A & A R B RS 1
VbR ED), T REAE EENLE R EEEAEH (Chen et al., 2019). X5RFIFERIER
Y SD BIEIANFI Dy RE FF A R, RSB —Flopr Bt TR . BRAETs, 2
AR 1 i T SR A FE = AR 4l B BT 7 30 (Dixon etal., 2012), HS 5L Fd
XA RGN0, ELFERT R ZIE R FCHE . i I (Lietal., 2017b) A 475 P i 453475 4%
(Xie etal.,, 20190, ZA Z A ot id S A 2 B AU T A2 Hh 3 B IR A A 403497 AT P A G
5. BT A% 0 o T AL AL FE U T A5 A BT A B A 2 TR P47 . R TE 20
A SR T R TR R, AR 3E 22 AN LRI I 7 R P 1k T 7 11 A DL 1 R B e S
5%, R M o S A AE R IS b A% 7 o BRAE T 1A 2 BRI ROS AR R
PUEAL IR AT B FEARAN GPX4 [2R3E, LLAGE BRI MEIE %k (Li et al,, 2020a). HE
HRAS & T B 2 3 BUR A SLIOR b5 R AH DGR PR 3R 19 5% - (MSller-Levet et al.,
2013). FAHENLE 21 SD 51 L IZ BRG] BEAAERIE T S 5,

TR R B A EERE, ATHRKESEEKMEME (Yuetal, 2019, th4h, K
B FE R A Mel A& —Fa 8 N IRIESTEEA T, B8 R R R S b A, i 4
e AL B (Superoxide dismutase, SOD) F1 GPX4 (Zhao etal., 2018). Mel REME I
IEPRAIRE 2R (MT1 A MT2) W ERCEAIREIR 5 TEZERERG . 5 S A2 A
ZARP A 2 (Jilg et al., 2019). Mel MBI HGE MT1 324K R BRI Z JC R,
fEHEREIR I FE (Jinetal., 2003). A5z, Mel @ik MT2 SZARMKHGHLHI L3R L K A2 Al
YHHEIE%E (Chernetal.,2012). Kt Mel 381 43 HI80E MT1 I MT2 SZ 4R K 1 75 2 F
A B, AEHIRIE Mel & —MRLFIZIE TR, HPrest T EM Ak
ST AN R B A T — B AEIEIT AL (Rui et al., 2021). FATI, Mel &5 LA
ey s 2 SD 753 B RSB T A R BEASA AN 2E

1.2 R 5750
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1.2.1 XGRS I8

48 H 8 JEUATENE ICR /NE 4K 4 4H: CON ZH. SD 4. SD+L-Mel 2. SD+H-Mel
L, BN R FIS 5.

1.2.2 RIE S BN

48 HUNRIEESL 72 h (9 SD J5 T4 L 8:00 #EATHUM, K 1% 5 B L2240
WO AR /IS BREAT BRI, S BEAT /N BRI AL FE . R4 6 H /N BRI BRI 4% % 5
HEEE . PR 6 /NG SN S, S7 RN R /N R 2 -
80 °CUKFE H T qRT-PCR. Western blot 141 AL 1571 Al

1.2.3 FEMFEMEE

ARGV AL (LEICA, RM2235 A1, f8[E), AMHLAGEYL (BM-VD. Ju¥ &
#E (Olympus, BX51 &, HA), FMERERS (Olympus, DP72 Y, HA) ik
ST ERFE (101-A, dERTHTKCEBRTAGER) P ED. ml 6 08000 (TG16-WS,
WAL, WIE). P8 PCR X (Light Cycler ® 480, Roche Applied Science, fZ[E ).
RIS E = 0L (5248 AU, Eppendorf, FEED. AEOHL (Mini-6K, UM B
BAEWAT, HMD. BEFRIC (BLO-RAD, 550 %Y, SE[E)D. HLIKAC (A R4 drle 2
mAMRAT, EFiE. HHLHEN (JXFSTPRP-24, sk BERAR, L
W) AT (101-A, JbtiikEHEIFAE, PED. ZE8 R FRMA
(MCO-17AC, =7, HAD. #BF TS (B/RIERKE THEARITAARAAD

1.2.4 355025 & Xt 55

TRRFACER . EhIR. BRI S B bR iC FISEREON A & (CWOL16S, REANtHLE
MIRHE AR AT, LI AR R 70 L. RNzol Reagent TRIzon /&t RNA $#
BUAT (CWO580A, B Nt AEMIHE ARG R A |, VL75) [ % 56718 (Thermo Fisher
Scientific, Boston, USA). Pt/ MT1 £ afEHifA (ab203038, abcam). Rt/
MT2 £ ik (ab203346, abcam). fPt p-ERK1/2 HFEREPIA (M8159, sigma)-.
TPt/ R NRF2 £ 50 B4 (ab137550, abcam ) 7t/ il TFR1 £ 50 [ 54 (ab214039,
abcam). PN GPX4 £ W EHIA (ab125066, abcam). /N DMT1 (NBP1-
91840, Novus) % $i/ i FPN £ 75 B fif& (NBP1-21502SS, Novus ) % di/)M i, B-actin.
W=EPi e 1gG (CWO0156S, RN AEDRHARAR, L750). BIETk (hEH
A, BCA EHEERAE (CW0014). RIPA M@ (CW2333). & [ B i) 7
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(CW2200). SDS-PAGE FFEZEpP (CW0027). SDS-PAGE Loading Buffer (5x)
(CWO0027)30 F VLR R 48 A R A R A 7] . DMEM(SH30023.01B, HyClone,
JEHO. JAF MG (11012-8611, WL RMUAEMRHERGERAR, W), HHEHR
BEW 100% (P1400, b ZEEERHEAR AR, b5, 0.25% Trypsin (T1350, Jb
HEFEERFAR AT, Jbx). Erastin, Fer-1 ¥ Sigma B AR A .

125 KRB ELIELE

G223 R Fe {2 Bk, DRI TE VR0 A 20 H 5 FH 446 i 1 6 - 1 et R4

JIr AEEASHIE 70 Hp e FH O R 8 6 0 e b AT ik A 2 b 2k B 1 IR T A G £

(1)K 5 pm A 8EY) v s I KA, SRIE1E 3% Ha02 1 0.1IM TBS H1#23 10 min;

(2) 4% TR 4%E R IR A YR F 30 min;

(3) ddH>O Z¥E 10 min;

(4) HEH 0.025% DAB F10.0033 % H,0, [ TBS M MAEA LR L7, #e
A% 5~10 min JEE R N OTMEE, 2 H RS B (RN 42 1 E £

(5) ddH>O ¥k 10 min;

(6) FAKEGAE, I s

(7) 7E R4 TSR R 40 B o TERR AL (1) 7S AN BT 11 30 AN Bl AL X 38k st
FHMETHE . 285 H Image T 8CEEf 2 FHPESH L B39 AR 0 L% B (I0D).

1.2.6 Western blot iR 3&
1.2.6.1 /854N S EHAVIREL

(1) HEZHZM-80 °C vKFHHLH , FREUKZ) 20 mg I EP &+, FLINA 300 pL
RIPA Z& FAZMARW . 3 uL HIER FAIBEFNSHI IR 3 uL PIBEERBEFNHIFR, 21 HLIEAT 2 min
RGN, BEJE T UK LFE 20 min;

(2) 7E 12000 rpm, 4 °C &4 RN OHLEC> 10 min, /NOWE EiEH#BE
PO E Y, T-80 °C UKFHIRAA4H -

12,62 MEFSHELALERREREONE

W51 2R IR BCA R & 7€ .
BARSBINR .
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(1) ikt BSA brifEfh: 1408 N REAEFBE BSA brdE b,

EP & RIPA & (pL) BSA H#&E (pl) FRUfE i 2R
(pg/ul)

1 0 50 2

2 50 50 1

3 50 50 (M2 SEHD 0.5

4 50 50 (A 3 SEHD 0.25

5 50 50 (M4 5EHD 0.125

6 50 50 (A5 SEHD 0.0625

7 50 0 0

(2) RIEFRME EERHIRHES, SHEam—RIIA BCA W&, HE ki nee
JIG 5

(3) BCA {7 A W5 B WH#IE 50:1 ELpllc & ik BCA TR, BEJE&FLIN
200 pL FZ TAEW, FFION 37 °C 46, 9% & 30 min;

(4) Kb A ZE 570 nm P, FEON 96 FLAR I 2 H OD 18, R¥EFTHHI OD
{EL55 PR 7 i R P 22 ) b A 1 2

(5) AR AR il 28 7 ) v B H AR R B IR

B R BE IAR AR AR P

(1) WP FHOESAERN S EAIRE, H RIPA B AZMCK TG & AR
FEBCHIAY 2.0 pg/uL;

(2) %8 4:1 I ELBRE & 2R A #E 5 Loading Buffer, (& PCR X+, 7E 99 °C,
10 min (250 MR AN, BEEDBON 4 °C fRI7F&H .

1.2.6.3 SDS BRAGELIEIZE )X (SDS-PAGE)

(1) 8 HBER B S 70 B I I VRS R 4 S T BC A1) F%% T o 47 P 0 8 s i N 38
BERRIA), 2 R KEME B, SREE. AR S, SRR,
FAEH B INIRAG IR, SERIKE 15 FLIR sl il AR A, Rl S = AR .
FrLgEE f5, DO T bR, B BRI BB — i 3 7 kA |, I
TN Ux BLIK SR, o A3 IR TR

(2) bff: SefEmEmfL NI 5 uL 22 A Marker, FAFEHRALAZZMA 20 uL
R AR B B UK ASOH IR IR E K 60V, BFA] 25 min, 3 BASIEE 120V, B 90

min.

1.2.6.4 3P
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(1) #FHBIEIER PVDF i, JeiRifE LK R i54L 20 s, PR PVDF B
SR ROEACFRETION xS gz, 8 G AE TR

(2) P BUH B BRI BN 1< g2 i v

(3) MWK R4S P84, PVDF [ K& B I ER B EERE BRI 40 e i J e (AR 3
i OF

(4) BRI N DR BRI VKA N, BN, R R N
BIAT, 2482 HE 200 mA, BFK I E N 120 min;

(5) & Hl: JeH TBST LB 5% MM a4 40, EHERYE, /M0EGH PVDF
JEE, TEONNRZE gy, (EHEEE S, M ERK L, ZEREE 1 h

1.2.6.5 ®ERN

(1) HALERE, B PVDF B, BNZES IXTBST M&EWNEDE 3 Ik, &K 10
min. [FE7EF A& H A TBST BLE Pt/ MT1. MT2. p-ERK. NRF2. TFRI,
DMTI1. FPN fl GPX4 (FRfE402 1:1000), B-actin FIFERRAEEZ 1:8000. JEPL4EH
J&, 1&EE KRN 5K PVDF B 20 NN, 4 °C kIR

(2) kH, ¥—hmE &, ERK FRE 30 min DWKE =i

(3) A 0.01 M TBST i%¥t PVDF i 3 /X, 4K 10 min;

(4) F TBST FCE MKy 1:8000 H)FHL R —IUFE, THERE R, ¥ PVDF
BRI TR, ERIR, =EMFE 1.5h.

1.2.6.6 UEHEXEE

(1) HUHY PVDF SN 0.01 M A TBST ¥, 7&¥E 3 ¥k, A% 10 min;

(2) % 1:1 WELBRE S A T B WL B i ECL RO, HE /N0 EH ST
%111 PVDF i, JAN ECL KGRI, SRJETN4: H D &L BUER i R4,
REEIE .

1.2.6.7 EFZEG 7

WA T A, R E R A R S0 B bR okt 1 1 EADGE EE
fi . Westernblot PA B-actin N2, H 18 H KX Rk &N H & H7KF/B-actin £
HKF.

1.2.7 qRT-PCR ik 3%

BIGHRAERZE — 5 —7 1.2.8, IMFIMEREAT:
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%< 3-1 QRT-PCR R R SI¥FIUEE ($REFEEH)

Tab. 3-1 qRT-PCR reaction system primer sequence (iron transporters).

Gene Primer Sequence (5°-3”) Product Accession No.
name size (bp)
Tfrl F: TTGGGTAGTTGGAGATTGCC 247 bp NM 011638.4
R: TGAGGTCTTTGGCTTCTGGT
Dmtl F: CTGATCGTCTGCTCCATCAA 1499bp NM 001146161.1
R: CCCAATGCAATCAAACACTG
Fpn F: CCCTTCCGCACTTTCCGAAT 204 bp NM_008732.2
R: GAATAGACCAGTCCGAACAAGGC
Gapdh F: CCGAGAATGGGAAGCTTGTC 232bp NM 001289726.1

R: TTCTCGTGGTTCACACCCATC

Real-time PCR U Gapdh AN Z:, H EKI A 3Rk &8 B i35 mRNA 7K-F
/Gapdh mRNA 7K*f-, F = forward primer; R = reverse primer.

1.2.8 ®EAELNFIRIE
IR R S8 — 28 =71 3.2.7, RPN MT2 2 wBESURIKRE N 1: 300.
1.2.9 SOD B4

(1) FF i R HE
FREXZ) 30 mg B9 2 S EUTE 4 °C sk 2644~ B4 H) PBS I AN, 7
4°C 248N B s 5] 2 2 s uk s 3E AT 21 3% . BEJS7E 4°C. 12000 g 21F N &0 10 mins
W HR b 1A 235 1 EP & b P T B 1k () 2
(2) W& RS TAE:
WST-8/F§ TAEMR I ECH . ¥519R A 151 uL SOD Al 2% i« 8 L WST-8 F1 1 pL
B, R HBCE N 160 pLWST-8/BF TAEM . RAMALEFES % &R

FrIIRE i B 1 uL
SOD Fa il 2% #hi 151 pL

WST-8 8 uL

WA R 1 puL
WST-8/ TAEH 160 pL

SR JR S AR ABCH] & SR SRR sl b, SRR HRE 1:40 I ELA] Sl
G BOIEAT AR, TR ST R BN OB 3 TAR U
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(3) FESHI5E
2% 96 FLIR, R R RAVININESR, K2 FbrdE i LUREE R IMNFLIR N . 2R )5
IO N TAEW, 1825,
G s A2k 2R FE /AR 2 EXTHE 1 AN 2 N3

A5 U b 20 uL — — 20 pL
SOD & 2z il — 20 uL 40 uL 20 uL
WST-8/l TAEH 160 pL 160 pL 160 pL 160 pL
RN A ) TAE 20 uL 20 uL — —

37 °C 1% & 30 min, 7F 450 nm & WIEHE
(4) FEfLRE SOD % it
FrDUAE S SOD Wi /) A=l i 2 SOD B 7 B r =401 7 4r %/ (1-
I E 72 %) units.

1.2.10 MDA B9%&M

(1) FEmIHE
FREXZ) 30 mg (IS ZIH PBS RGHAT I 2K
(2) WA TR TAE:
TBA BAAHECH]: FREUE & TBA, FI TBA fic il e #l sk 4 0.37%1¢) TBA
Ao
MDA Faill TAERAIBCH]: ARIEAFIE AL AL CE XTI, 2% T RAE Rl AT
O & B MDA A8 TAF W .

For il {3 1k
TBA B 150 pL
TBA f#f7 50 uL

P AL 3l

PR AR RS . IS EAR v S P 2R TRK AR RE R 1 uML 2 WMy 5 ML 10 uM, 20
uM. 50 uM, F TG SR EARAE 2 o

(3) FF il o -

DB NI 0.1 mL 213 N2 (XTI, PR AN [RVR BE A AR v S N A T
Hl bR eI 2, N 0.1 mL B A T-0E; BE/S I 0.2 mL MDA Rl TAE# . w]
SN R BRI R AR R
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For i Jz A 25 0 R PRt P
SR 0.1 mL — —
ARG — 0.1 mL —

R — — 0.1 mL
MDA #5ll TAER 0.2 mL 0.2 mL 0.2 mL

A, 100 °C BadiZK N 15 mine JRAIKHAED, 1000 g = ES 0> 10 min. HX
200 uL EIEMAE] 96 FLER +, B f5 FBEARAAE 532 nm 2 GRS

MDA & &5 I brdk th G B ) MDA &8, AR SRR i
W AR T WA S P ) MDA &5, 3R/~ A umol/mg.

1.2.11 ¢hppEES:
1.2.11.1 ¢Apakk

NRIE S TTAI R HT22, WA RAT
1.2.11.2 RFIECE

(1) 10 %58 4B FEABCH] . 90 mL DMEM JEatiE 72 3L doin A G 4= 7% 10 mL
F1 500 uL WL, BEESEIESSIEIE, 4 °C RFAH.

(2) D-Hank’s {HIBCH]: NaCl8g; KCl10.4g; Glucose (Fii%HE) 1g; KHaPO4
60 mg; Na;HPO412H,0 120.66 mg JIEZE/K A 1L, HEMER. H 5.6% NaHCO; i
B pH 2 72~74, {EEHFEN, IE, 4°C IREFEEFH

(3) MTT #EWECH]: X MTT #3 K 50 mg 7840 % # 10 mL D-Hank’s i (4
WEEN 5 mg/mL), FECILH .

(4) BHE Mel MUECH]: FREL 1 g Mel T 4 mL B0, EENFE N, TN 200
uL DMSO H1 800 pL F LAl FRHE, 2R 10 mM. T JEREATHRFERRE, Bl 24K
FEN 10°M. 10°M. 107M. 10*M Al 10°M ] Mel PL & DMSO Ffilz= (5. AL B
JERRLIE, T-20°C TRAF&H .

(5) BBFEE Erastin FFECH]: FREX 1 mg Erastin T 4 mL B0, EHEFEN,
A 1.8 mL FHERlIEFRAL, RN 1 M. e TR EEMRE, BLHI 2Rk EE N 50 uM., 20
uM. 10 pM. 5 pM. 2 pM. 1 uM. 0.5 uM [ Erastin PA ¢ F R . TG R JEAR I
JE, T-20 °C fRAF4H -

1.2.11.3 ARE T
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(1) MIBZ PR AE (R 4 L DR B 37 BRIEE 37 °C AR P 58 3ly, (s
P=RICREaY

(2) KETFa 4N 4 mL &0, S DRSNS 0L E O,
1000 rpm, 4 °C, 5 min,

(3) KH 10 cm KI5 FR M IR B30 Ja B4000, MR FRIAIIA 10 mL {56 455
Frks, RO EIERERE, SRR AR E S, ZERENE
MV T BT, FEAG R WA B R IR I o 76 S A I8 % 9 I 1) 44 i
MBS ATER R, 6 S ORI A B g A= . JRTRON 37°C,
5% COx B 7R F 5 5%

1.2.11.4 ZHREEIR

(1) HMPIEFERL 360 f5, Fraif% AR 80% /515 (ks F%, (lHikiFit)E
IR PBS 5 BE P i .

(2) \FEFRMAIIN 1 mL FIERE-EDTA, FEEIE S35 F EE4R R, 240k
BEANRIF A6 R, 40 M () R B2 W F T B — AN AN S i S, SERURNE 3 &
HIIN (RIS AR ) 56 A 1 IR B 28 1 IR VE AL, T RS VRS AN BT (R R 00R AT, K 4 v
TR ST A0, e R & 15 mL O, M3 OB S %5
OHLFPE L 1000 rpm, 4°C, 5 mins

(3) B FiEw, AR aRRi it ER. RERKESNAM S
BB EEFRILF, 5], 37°C, 5% CO B 7R RE %

1.2.11.5 “ARETE

IEFRRAS I I B A0 AT VR A7, F PBS BEPiiE, A 500 puL 0.05% EDTA-
JREE HEET 37 °C 5% CO 4HHu 5 7240 AL 4 min, RREE N WERAIMAZ R, A 2
mL 10% 58 455 Fe 3L & b4k, B3] 15 mL B08& Y, 1000 g B0 Smin, FH L
T TONGAFI, e BIVRATE F SO0 B B Bl 6 76 -80 °C UKAE ik B2 [ UL 24
h, i i 2 RSN VR U R AT

1.2.11.6 ¢ARRiHEFNIE T

1) B80 5 B4 T e B Ja AT 4R MR H 30 20 e o R 4i 40 ) B 1x 10°
ANmL F S x 108 A4y/mL ()% RS FE 42 96 FLARCNT 12 LA o X PR A FLAR B 48 i 12k 4T
774H: CON 4. Erastin (BkFET-1S57)) 41, ErastintMel 4. ErastintFer-1 (ZAET:
57D 4H | ErastintMel+4P-PDOT (MT2 5244 BH Wi 7)) 2H . Erastin+Mel+PD98059 (ERK
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FEHi7) AT ErastintMel+ML385 (NRF2 FHLIr7) 4H.

(2) F457 Bt I & AR MRS 240 Th 55 9% 6 h, FrAfi o8 2 BE 5 34 175,
el R SRR B Rl R 7R 5, RS SE TR AE h R 5

(3) 12 h J5, [ ErastintMel+4P-PDOT 4 . ErastintMel+PD98059 #1 Fll
Erastin+tMel+ML385 ZH 40 fg i\ 10 mM 4P-PDOT. 2 pM PD98059 #1 5 uM ML385,
b J 5 N 24 5 AR B RN 35 77 48 HH 4k 245 7% 30 min.

(4) ¥ 7% 30 min J5, [ ErastintMel #H . ErastintMel+4P-PDOT 4 .
Erastin+Mel+PD98059 20 F1 Erastin+Mel+ML385 ZH4HU I 2 uM Mel, 7] Erastin+Fer-
1 HAMIIIN 2 uM Fer-1, B J5 K 024 J5 W40 BRSNS 7248 HH 48 2255 97 30 min.

(5) ¥53% 30 min J5, [ Erastin 2. ErastintMel #H. Erastin+Fer-1 #H .
ErastintMel+4P-PDOT 4. ErastintMel+PD98059 41l Erastin+Mel+ML385 ZH 41 i
A 1 uM Erastin, [AIf ] CON 420 MM S &) DMSO, BG4 02 J5 i 4m i s
B IR Ak BRI

(6) ¥57% 20 h JG, MIFFMTECHAM, 96 FLAR A T ROS il 5 44 iy
5 JIR (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium-bromide, MTT) f{A& I ;
12 LRI B AL SR JE 54T ROS RGN . Western blots Fid AL 7K FAa il 5
qRT-PCR 58 Ha ) .

1.2.11.7 MTT X8

(1) fEFEFREH M 96 FLIRFIEAFLIIA 10 uL MTT ¥R, FERINE R
WY, BEEERE ARSI E 4 ho

(2) HUih 96 Ltk "ifaESLIY BiE, BEERSLIIA 150 uL () DMSO.

(3) ¥ 96 FUMRHCH, Ji B E/KPRRIR LR 8h 10 min, T3¢ 5 &R AT 418 2]

(4) 4 96 FLBHABFARX, 75 570 nm [P I IR B

1.2.12 ROS BYNIE
1.2.12.1 2H%R ROS KN ZE

(1) %M 1:1000 H TG I B 72 WM FE DCFH-DA, £ N 10 pmol/L;

(2) KT EESREL 50 uL LRI T 96 FLIRHF, RN 50 L &
2RI E 97 R R

(3) £ 96 FLB I 200 uL EF5F5 ) DCFH-DA, 37°C 407248 NI & 20
min, HE1EERE 3~5 min BUENES—F, (EERE AN 72 4 Bk s

(4) BPZITBGEH R GHEAR ORI ORI 490 nm, HUR A 520 nm SRAGFE i
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(1) ROS 7K~F-, PR BTl A5 1 88 ik B2 vH . H ROS/pug protein.
1.2.12.2 #ff8E ROS HIME

(1) HUH 96 FLAR, 7ERESG A N EEFLIIA 10 uM ] DCFH-DA (5 a 4% HL
H 12 FUER, BEBEEFLIIA 100 pM [¥) DCFH-DA (58 4REr, TE#HS G h 2177
SMIRA), PRI REFRAE T R 30 min.

(2) B 96 FLBUBA R GEEFR T, HHUKGIH 2 488 nm, KHHGIHE 525
nm, WEHRARE B 12 FLBRN 7 B s AT 4 R

1.2.13 iEnth

{§ Ff§ GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States)
HEAT BHE 0 1 R s A P ME = hn iR (SEMD . 41 18] 2 573K A B K 5 25 50 H Cone-
way ANOVA) # Tukey 12 8 LS IR 4T 408 P fH< 0.05 NN A Gt %= o

1348
1.3.1 Mel EZ2M SD IFERN/NRIBESHE TERAS LS

T VAL FRAT TR A A (R AR L, AT T SRS S ke
HRIERE . e L HE RO RAMBNSEFEBIE, 94 TS CAI-CA3 X
IAEARZN AN DG X Bk . SxtIRZUAIEL, SD 4% CAl. CA3 fl DG X2k
BT BHE4E R 10D 14 9 TH & 91.1% (P < 0.001). 100.3% (P < 0.001) F169.7%

(P =0.001). 2R, #MEME Mel xR 0GE 7 2 SD RIS ME T KRESE
(B 3-1A-B). 5 SD 4, SD+L-Mel A% CAl. CA3 1 DG X4k 1A
YH A IOD {4 HIFEAK T 39.0% (P<0.001)+51.6%(P<0.001) A1 51.0%(P<0.001).
ifii SD+H-Mel 4Lt &L 5 SD+L-Mel ZHAHBIHIZE AL (& 3-1 A-B).

Western blot 25 R E7x, SXHEAMLL, S SD 4 S TFRI HIREEEH S
40.0% (P<0.001, &l 3-1G), DMTI HJFRIERETE 77.9% (P<0.001, & 3-1 H);
FH Ik H 8L FPN FIRIAKP R E B T 44.8% (P <0.001, B 3-1 Do [AFE, &
ATBAI T =Mk I2 B E 1 mRNA K, g5 R BRPL B =FdE A iR A E H %R
IEACEA—3 (B 3-1C-B). SRT, AMEMEANTE Mel J5, 2 SD SIS EisE A
PRIV G W . XSG R, SMEME Mel BN R MGE T 2% SD /N5
P TUH R 7 B K R s B A B &L

AT 2P BAE Mel XHERAET-H AR ER, FATHEIET-75 57 (Erastin)
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AbERE M TCAN M R HT22 4, H45 T Mel MERFET-HIHIF (Fer-1) %M.
MTT 45 R 87K, Erastin &3 HT22 405, HAHMTE I T 39.1% (P<0.001, &
3-1 1), 1K Mel 8 Fer-1 WACEEAAML S, AHXS T Erastin 41, 4HAE /73801 49.2%

(P=0.001, & 3-1]) 8{48.3% (P=0.002, & 3-1]), #2458 E/R, Erastin A3
(1) HT22 4iiffa i) TFR1 A1 DMT1 £ I RIA K LS 2 15y 64.7% (P =0.004, & 3-
1K) f184.8% (P<0.001, K 3-1L), ifi FPN & HRIEK K 42.8% (P<0.001, K
3-1 M), XS4 R ] Mel I HUGELLE T Erastin 75 3 (8 FL 12 B FIRIA R (B
5 mRNA FIEE HKF).
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um), (C-E) MM PEEEZE A Tfrl. Dmtl A Fpn (A% mRNA /K7, (F-DD #g54H 5 h
BRAia 8 H TFR1. DMTI1 H1 FPN BT 8 K, (3D 48vE 7, (K-L) HT22 4Hffehgkizic
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" FPN A 8 FKF. CON: AfJR4L; SD: RRHRFIZF4L; SD+L-Mel: BERFIZFHIGHIE (20
mg/kg) Mel TTi4; SD+H-Mel: HEIRF|ZF+EFE (40 mg/kg) Mel THid. 2454 LL Mean +
SEM #oR, WAME L rREEREE (P<0.05); FAFRHAEREGH R (P =
0.05),

Fig. 3-1 Effect of Mel on iron accumulation and iron transporter proteins in the hippocampus of acute
sleep-deprived mice.

(A) Relative IOD of iron-positive cells in the hippocampal CA1, CA3, and DG areas, (B) Micrographs
depict iron labeling in mouse hippocampal sections. The iron-staining results were processed using
Imagel. Iron deposits were observed as red granules. Bar = 50 um, (C-E) Relative mRNA levels of iron
transporter proteins 7fr1, Dmtl and Fpn in the hippocampus, (F-I) Relative protein levels of iron
transporter proteins TFR1, DMT1 and FPN in the hippocampus, (J) Relative cell viability, (K-L)
Relative mRNA levels of iron transporter proteins 7fr/, Dmtl and Fpn in HT-22 cells exposed to Erastin
and melatonin or Fer-1, (N-Q) Relative protein levels of iron transporter proteins TFR1, DMT1 and
FPN in HT-22 cells exposed to Erastin and melatonin or Fer-1. CON: control group, SD: sleep
deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-Mel: SD +
high melatonin (40 mg/kg) supplement group. The result represents the mean + standard error of the
mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those with the

same letter do not differ significantly (P > 0.05).

1.3.2 Mel 20E& 24 SD FF8Y/ MR DA TR BT |k

PILT B 1 — MR IR U A . 8 T2t SD 215 80 L& u g
Rt &AL, AN E T ROS. GPX4. SOD il MDA /K F. 45 B8 5 IR,
S SD 41 ROS F MDA (15 & 2 & T 122.8% (P<0.001, K 3-2A) F1136.3% (P
<0.001, E3-2F), M2 N, PrEiLEF SOD fl GPX4 HI/K T 52 [ZK T 38.8% (P
<0.001, K 3-2E) 134.9% (P=0.017, & 3-2D). #Rifi, 4T o SD /MNRANE 20
mg/kg Mel J5, ROS fll MDA FI/K-F-Lb 2 SD 25 35 PRIk 43.1% (P < 0.001, & 3-2
A) F136.8% (P=0.001, & 3-2F), GPX4 1 SOD /K& EF & T 47.5% (P=0.038,
3-2E) #158.1% (P<0.001 & 3-2D). SD+H-Mel £Hi i 5 SD+L-Mel 125238
1o T Mel ¥GI72HA CON H 2 (B H & ZRH (P>0.053),

N T #E—BESE Mel X Erastin 755 (1 40 B I 52 o 480 A0 A S0 2 T ) 3G
WATKGI HT22 40ffih ROS. GPX4. SOD fll MDA HI/KF. xtTHuafblgiit,
Erastin JALEE FE HT22 4H/fah SOD /K- E FFK 50.5% (P = 0.002, K& 3-2
H), GPX4 RIEKFWEEILT 51.1% (P=0.002, K 3-2G). Xt gt &K1
15, Erastin AL A HT22 ZH0H ROS Al MDA HI/K-T 2 35 0 T 0 B ZH 7K 1) 47.8%

(P=0.045, & 3-2C) F164.8% (P<0.001, & 3-21), 1fi Mel FITRALEEIH#% T Erastin
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(A) G MLt ROS AN E &, (B) AFALERE ) HT22 40/ ROS 6 EIE (HLBl Ry
200 um), (C) A[FIALHEE ) HT22 401 ROS AIXT 2 &, (D-F) 5 H4 GPX4. SOD
A MDA &5, (G-D AFRALEEH HT22 48/ f) GPX4. SOD #il MDA )% &. CON: XfHf
H; SD: REHRFIZFAL; SD+L-Mel: BEHRFIZFHKHE (20 mg/kg) Mel F-ii4l; SD+H-Mel: [
IRFZF+= 7 E (40 mg/kg) Mel 4. 455 L Mean + SEM £o~, WA MR EAR 7 EERE %
FiE (P<0.05; FFEHZERTGIZEEL (P = 0.05).
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Fig. 3-2 Effect of Mel on antioxidative activation and lipid peroxidation in the hippocampus of acute
sleep-deprived mice.

(A) Relative quantification of the ROS assay in the hippocampus tissue, (B) Fluorescence staining of
ROS in HT22 cells exposed to Erastin and Mel or Fer-1. Bar =200 pm, (C) Relative quantification of
intracellular ROS level in the HT22 cells exposed to Erastin and melatonin or Fer-1, (D-F) Relative
levels of GPX4, SOD and MDA in the hippocampus, (G-I) Relative levels of GPX4, SOD, and MDA in
HT22 cells exposed to Erastin and melatonin or Fer-1. CON: control group, SD: sleep deprivation
group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-Mel: SD + high
melatonin (40 mg/kg) supplement group. The result represents the mean =+ standard error of the mean.
Values not sharing a common superscript letter differ significantly at P < 0.05; those with the same letter

do not differ significantly (P > 0.05).

1.3.3 Mel i3 MT2/ERK/NRF2 {5 5B ES M SD FSHME T T

N T ] Mel X2t SD I ORIFE FH & AT Hosz ik, A& Jekaill 7 AR 4H
1] Mel B2k (MT1 fI MT2) HIRIEHRA . SXTRAML, S SD /NS MT2
[ IE KT 53 BRI 28.6% (P<0.001, & 3-3F). SR, ¥ 20 5% 40 mg/kg Mel 1]
S SD T MT2 RIAMFEK, 5 SD dAH, MT2 FRik/KFHEE T 36.9-
48.7% (P <0.001, Kl 3-3 F). HPHLRM G0 R 5 AN X 38 MT2 FH 40 i
rAtEN (B 3-3A-D). 5 MT2 ik, AFRAGEAN MT1 MREEAZR (K 3-3
ED.

BAVHE LW T RAGESEEETSE T Mel FISGEEH .. 4R E8xR, 5XHE
AL, 2t SD /NRIHED p-ERK A NRF2 [ 5% 7K 1 2 2 FAIK 43.8% (P = 0.02,
3-3G) F126.9% (P=0.036, K 3-3H). R, 7& SD /MR A%M7E 20 5% 40 mg/kg
Mel A% 2t SD %S A p-ERK F1 NRF2 Fik KRB, 11 Mel 1577 4LA0
CON TR EMER

73



AR A 2 AR S W= ARREER OO SUEREIR RS Sl S AT BRI ERGR 1T

i
R b b R e ——

P | T e [T e — —— ]

3-3 Mel 31214 SD /R85 MT2/ERK/NRF2 {5 55 S 8950
(A, C) 5 MT2 stk et (LB RA 200 um). AEEBERRIHIMELI. (B, D) BT
CHEeBIR N 50 pm) o (B-HD #5440 MT1. MT2. p-ERK1/2 Fl NRF2 A% 8 /K. KA
K275 25047 (one-way ANOVA) PFfi %5, CON: Xt#84H; SD: REHEREIZFLL: SD+L-Mel:
REAR R+ AR (20 mg/kg) Mel T-Fi4; SD+H-Mel: HEARFZF+E=78 (40 mg/kg) Mel T+
o Z5RLL Mean = SEM R, A MR EARFRIFEZREZE (P<0.05); FTRHEAZRITES
R (P = 0.05).

Fig. 3-3 Effect of Mel on MT2/ERK/NRF2 signaling in the hippocampus of acute sleep-deprived mice.
(A, C) Immunohistochemical staining of MT2 in hippocampus. Brown indicates positive cells, (B, D)
negative control. A-B: bar =200 pm, C-D: bar = 50 um. (E-H) Relative protein levels of MT1, MT2, p-
ERK1/2 and NRF2 were normalized to f-actin, CON: control group, SD: sleep deprivation group, SD +
L-Mel: SD + low melatonin(20 mg/kg) supplement group, SD + H-Mel: SD + high melatonin(40
mg/kg) supplement group. The result represents the mean + standard error of the mean. Values not

sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

TEARAMRIGH, WS MT2 2R H45 S BHIW 7] (4P-PDOT) KAl Mel SZAKR7E
PRI HIIER . MTT 455K, Mel [TAbHEREL TS Erastin 755 (41 PLIE 77 0 1%
fiX, T 4P-PDOT HIA IR 1 Mel HISCGEEH . 54035 /122 —3, Erastin
AbFH HT22 4015, p-ERK M NRF2 & H ) FREK-F B E R 50.2% (P < 0.001, &
3-4E) F151.2% (P<0.001, K 3-4F), T Mel FIAINAERH R s FidAR 1k, {2 Mel
(13X Ff s 4 F 9 4P-PDOT HIHUACERAT W . 32— 258 TR ERK/NRF2 {5538 %
£ Mel 2403 Erastin %5 HT22 kst fE i FOVERIHLE],  RIRERIIRAILE RSN
07 ERK 4 S B R (PD98059) 1 NRF2 HI4% S FHIT 7] (ML385). 45 5% &
7R, PD98059 A1 ML385 f) il &b H 4] T Mel % Erastin 1755 i) 4H M 7 B 1 e 21
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M (E3-4A).

FEARALN, FATHE— % T 24> HIBHK MT2. ERK Al NRF2 I}, HT22 4024 1)
PUEACRES BRFZS . X TP B /KF, 5 ErastintMel 23 ZHAH L,
Erastin+Mel+4P-PDOT FilAb# 53 GPX4 KA T 44.9% (P=0.004, K 3-4G),,
SOD FILFHIK T 48.1% (P<0.001, K 3-4K), FPN & /K FFHK T 36.7% (P=0.002,
3-41). AT g S, 5 ErastintMel 4bFRZIAHLL, ErastintMel+4P-PDOT
AL H S ROS /K FTHE T 49% (P=0.019, & 3-4C), MDA /KFFHE 69.2% (P<
0.001, K 3-4 L), TFR1 /K FF#E 53.5% (P = 0.043, & 3-4 H) 1 DMT1 /K P&
102.2% (P<0.001, & 3-41). Western blot 7347 F1 qRT-PCR 73 #7 {1 45 R UE Bk % 12
HALEE K mRNA K- EEAMFEES (B 3-4 M-O). 5 4P-PDOT Tiikb3#
FHAEL, PD98059 il ML385 kb3 %4 T Mel X} Erastin 53 12510 M R MEAE FH -

75



AR A 2 AR S W= ARREER OO SUEREIR RS Sl S AT BRI ERGR 1T

an K
e [T =|; -4 - S T
i n1' i [ | £
4 il PN
¢ l_l.—_"_.
- - -
: . :.- . T_ - Ul - 4 1 4 s r L
i wl | # F I Mlaldriiny 4 - = i
z » R e _ N _ " u
u P
nis P = = = = - g =
MLIEE - - - - - -
-
o e — — ; F i
'IHH-__rﬂd_*-l=.JJ|.|| Pt 2 ! 3
dnia e T . [
b b4 i —— o o |8 1':'.. i "L I
; i M Ul i |t =
TTH] T x [¥ H el
= i ] [ - o E
LT (e o ———— Ly § e & 5 —] Ba
ih FTET | '|| i
Jecim — — i T |"_uIF | - !..,
Heidd y 4 oo ——— . Prairan
idmmn - [ - f . i =
oy - . X = 3 ol £ ms
R - = * ey -
ML - : :
I I [] - I I .
Y e I
5 L 3 . :
; o . T f_l k i -
ALY L.
bl ¢ P o+ = & "l
== e )
1] -:—- [T
| i 5 s . Bl o
I F i L
.| 3 ! v i T iMcamA A
M. khE i b 11 B4E . Ba s,
s 1% 5 5 -l L] | g T .2
NE S 5 i ‘ | & ! i t 3 I' -k ’
i 'EJW il ! S0 Bl
P Lo e ey o ] gt = e o sy
- = - == \
= = = =

3-4 Mel X Erastin #5589 HT22 48 MT2/ERK/NRF2 {55 B IS0
(A) HMIXE /7, (B) ROS #4et, (C) ROS X4 &, (D-I) p-ERK. NREF2,
GPX4. TFR1. DMTI #1 FPN & H X &E R, (K-L) 4/l SOD 1 MDA f1& &, (M-0)
Tfirl~ Dmtl 1 Fpn Fi%f mRNA /K. 455 L) Mean + SEM £on, B M R _EAR 7 BERIME 2 57 B
% (P<0.05); F7TRAZERESHTFEEL (P = 0.05).
Fig. 3-4 Effect of Mel on MT2/ERK/NRF?2 signaling in the HT22 cells exposed to Erastin.
The HT22 cells exposed to Erastin and melatonin or Fer-1 were pretreated with 4P-PDOT, PD98059

and ML385, respectively. (A) Relative cell viability (%), (B) Fluorescence staining of ROS. Bar = 200
um, (C) Relative quantification of intracellular ROS level, (D-J) Relative protein levels of p-ERK1/2,
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EHER S N e A7 FEE R S S RRIR R S DA T R R N B RR R
~ NRF2, GPX4, TFR1, DMT1 and FPN normalized to B-actin, (K-L) SOD and MDA levels, (M-0)
Relative mRNA levels of iron transporter proteins (7fr1, Dmtl and Fpn). The result represents the mean
+ standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

1.4 g

AW, Ea iy BoR 2 SD /NRIE D& T A EH BB EM. X
FRIL G Mel AR FTI S o jbAb, i H I T S B A BoK-P T, SEUEE L
IhEEEA . ICIZFERS AR ZE48 (Chenetal., 2019). T KM —ESIERLEE,
BHER R 5 2 RS SR UL A IR o TE S S I R LG R R
BRI P Akt S SR T NI 52 0, 3% A R RIS R (1) o 8 B AT M AR 1 R AL A

(DeGregorio-Rocasolano etal.,2019). [Ftt, H A7 R Mel 1T 3% &M SD 155
SH AR IEE Y A

Y PN RO R 2 Rk LIz SR AT . Pl AR 3 TER1 BRI, SRJEIT
BRNEAR. DMT1 /T Fe?t P A40RE IR 40 B ot Hh i A Fe e Bt N Bk th B o
HEHE H FPN %, & E T # Fe? AN Fe** (Haoetal., 2018) . i 4l i id it
BZS5YHR Wi NS A B B PUERROR4ERF LN B . BRI, 4] IEgk
ISR A B AT e 4E R A N B AR S I Gk (Masaldan etal., 2019) . FEAHF T H, Mel
kbR A s T S SD #5389 TFR1 A1 DMT1 b, BLK FPN [ R, &40
BT A P Bk T BB A XSS BRAESE T Zhang 5 N B — TR AT, 1% 0T 5 K P&
P2 EAMERLFTE P301S /AN (PR IR K B IR AL 19 S R0 B2 S5 H )k
HET. (Zhang et al., 2018). EZNZ, FEARIMALK T, FRATKIN Mel 5L Fer-1 1% 1
Erastin -3 HT22 giffurh ke e ms . Bk, AT AN RSN AR
B, Mel i@t o435 8k %18 B 7 0 Rk S SD i R il S & Ju kT

B E IR LT, 18 Fenton M =ARFEEAWI ROS, it i )iiid 4
b5 R0 fERIET: (Dixon and Stockwell, 2014). YFZHF5TA F2iA N ROS 1 MDA
AR B e e T ARk AE T F3ERE (Yamada etal., 2020), 1ff GPX4 Al SOD &R id &
ROS #ll MDA K< 2 LS (Galarisetal., 2019). GPX4 fEARSET-HIMEF U NE
T, MR IRERR, BT A e GPX4 B 2 g B i i RS R e 42 R A7 M AR

(Hangaueretal.,2017). fEAFEH, SRR, FATWE RS SD /R
i ROS F1 MDA 7KF11, LAK SOD Al GPX4 ik /b, X LR R4 Mel 4k
FEPTISEE . SRS BAL, Mel 8Y Fer-1 7EAR4MNY %% T Erastin #5511 HT22 40+
GPX4 F1 SOD /> ROS FI MDA (381, 8] Mel v] ABG Nt S A0 B 5 77% 14 A 4
Hl Sk SD /NI D A BRI ERIE T o IR B4t BAF S T AT AT AIHEMN], Mel
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A DUB S HI I ERAE TSk k3% 2Pk SD 51 Mid 12 R .

B oK, FRATEE— PR T Mel K45 H BGE1EF IHLE . Mel i i H b i 52 4
WAL 2 A B A2 MT1 M1 MT2 (Pandi-Perumal et al., 2008). #&1fi, 7E
BATAR N IREE T, S SD FRAIK T /N B D b MT2 (3855 . 1S SD X Fhai|
TEFIBE Mel FIAMNFERTIN A, (HGIRRTRA T Mel 19478, SME SD /NR M MT1 324k
BIR R . RAMRIGHE— P IESE Mel TRACEEADH] T HT22 40 Erastin 5] #2 (1)
BRAET, T Mel BIADHI/E B MT2 ¢ R EH5 5055 4P-PDOT FHWr. th4h, —LERF 5N
AT TR AT TER SR ABLE o Mel IR IN 4P-PDOT M A, 45
RFW, N 4P-PDOT #E3H 1 Mel XSRS S HIBSE T AL ARY1ER (Rui et
al., 2021).

MT2 SZARiE R s 5@ s MAPKS/ERK Al NRF2 A4 1E/H (Pandi-
Perumal et al., 2008). FEABFTH, &N BnEtE SD /MR p-ERK Al NRF2 %
EREE, 5D MT2 KPR —8. AT, Mel FIAMRUH T LA th, —L4R
LR, BT ERK @K EETSL3E Erastin i 310/ RIS HT22 40EE5ET: (Hirata
etal.,2019). Ih4h, NRF2 fEZALTH#EE CHERH] (Dodsonetal., 2019), Z 5%kt
T U5 AN Y 2 8 AN B NRF2 # s R 1 Frdmts . AR, EIRATMAS
RIEH, PD98059 A1 ML385 IR MIBHWT T Mel X Erastin i75 5 (41 Mo kA0 T 1 B4
. fHELZ R, 4P-PDOT #1 PD98059 [HIALEEFH KT T Mel XF p-ERK 1) _L{ER, T
ML385 Xf HIZ A 5o . Hi 0 — WU 74, RBRE AT LU IS NRF2/HO-1 15 Sl %
oG HT22 A B2 2R 5| & 1) S8 BRI RSB T (Jiang et al., 20200,

gi b, AT RS RRY, Mel il 5 MT2 R4 A MM G ERK/NRF2 {5
S, R AANH AT SD i S R TORRAE T .

1.5 IhNgE

MAFRUL, 2k SD Bl AT SR o N ERAR RANE T AR I, AT S EUE S
PRACT- R R A . SR, #hFEAMNEME Mel n] ks St SD 5l M4 JUERIET:, X 1] RE
RN Mel 5 MT2 24k%54, #3Emis ERK/NRF2 {55388, MM Fid TFR1 Al
DMTI1, i FPN, H¥#i% GPX4 fil SOD, H&AUGEESFKia R AR MR EMN.
ZEARR M A TTERI T R M SD M & o 2 M /N A2 L 2 —

2. BEHEZUNEIMERINSZIFEN/ D ERIEDLMHATEEIAAT
2.15|8

2 A AEMHS RS KRR K YRt fe b, DLRHERSZH . s 1)
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MR, PRP AR T TR B, X RO T R R AR T A
o RN, HUARAE RO I AR IR A RARAE — Mg st -7, AFrAE
277 S R Re W S [RIAF AR B AR 2F o 4R YE ol Ak o T AR e R g st T, H IR
MRy T BRE 4B AE T 8 T [ R P M 28 AN R B AR T 20, FEAS
I B4 77 TR ARAT TS 2 B SR AN [R] , (H PR 2 AN 2 A S8 ST R . Vi 240 LR B,
TR W AR FH DA S D REAE e L T = AH B M RN 29 o F RN T 2 (R
SRORFEZRR M EAE (Zhouetal., 2021a), 11 HLAG:Ah A 7Y 4R XoF 8 35 HR IS PO 45 5 F
YHMIRAL . R . 2 — M ARG R, ARATTRERE A — AN ZI SL [R) 2 1 40 i
HOT o 55 M B W T DU i (e i 0 AV T RS U4 M R T AN . b, mT RLiE Rk
ZBR A SIEZ I A 2S , B AR AR YR RS> T, YU 40 P R R A A7 P
T S SR RE i B T PR A 22 1 B R A BT X RE . R IR LE D g
W 2HENEIE TS 5 074, TR RFE DT R T EH . 5 =M 3R I BR
H & HRA FEE AT, (HEZ25 THRE TR, kA2 5 77— ATP K
TR . SR, BHWRREEAE AR T L PR S 5. (HE H AT
FE 2 SD i /N BN FIFREAG L FE R, ARARET SRS 5. BEBERRE
ok BEAR S SIEKF, B SR BT A K1 AT HI S5 A T2 & 42 (Luengo et
al.,2019). HWHEIRKPANZ (METH) BIEE1EAEH RE- S B 0k B2 B, T Mel BB 4%
FI A Z IS, BRI E 4 EAET (Hossain et al., 2021). {H Mel ££ &1 SD 7Y
T AR TR R R A AT AR

AT Sh AT 5 108 ek o vl % 2H 9 5 v T2 A [ W AH DG B 1, NF-xB i 8 A HT A
TRPRRIRFL S SD X 40 ML A 3 W /KPR 2, HER LM ME Mel BN R 5
AR H BL R BAR B R AL o

22 MRS A
2.2.1 IR R AL TR

48 H 8 JEUATENE ICR /N4 4 4H: CON ZH. SD 4. SD+L-Mel 2. SD+H-Mel
W, B/ G A TR A [ s — S,

2.2.2 RIE BB

48 WUNRAEZESE 72 h BEIRRIZF 5 T 5 L 8:00 #EATHUM, KA 1% B HLZ 4
WO R R /N EREAT RRIE, T SLRDEAT /N B W S At . BE4H 6 HU/NER IR BRI 4% %
R €, [FZH AT 8 /NI XU 5, SEED TN B IR R /N TR 8 &2
-80 °CUKFE H T gRT-PCR. Western blot FIHT 5 AR S G
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223 FEMFEMEE

il & B OHL (TG16-WS, WY, IR, #tE R PCR X (Light Cycler ®
480, Roche Applied Science, #E[E ). KR E#E 0L (5248 Y, Eppendorf, &),
B OHL (Mini-6K, HUM BEERAERA IR AR, B, BFr{ (BLO-RAD, 550 B,
FHED. Bk (ASRAEmEEmARAA], Bl HHRSHENL (JXFSTPRP-24,
BB ES R EARAF, R BMERTERE (101-A, Jb kG ERIT L
w7, hED. MR IR (MCO-17AC, =¥, HAO. @i TIEEG (BIRIER
PRHL T HORTF KA R AFD

2.2.4 W52 & Rk 5

TRNzol Reagent & RNA $2HGRF] (CW0580A, FEAMLAMHAGRAR, 1T
) #5557 &5 (Thermo Fisher Scientific, Boston, USA ). % $i/)N i, Cleaved caspase-
3 ZrlEPUAR (ab32042, abcam, KED. /M Bax £ wfEPifd (ab32503, abcam,
EE). %RPi/PR Bel-2 (ab32124, abcam, £ ). Ffi/ R LC3I £ wkEHiik

(EPR18709, abcam, ). %Pt/ ATGS £ w[EHifA (CSB-PA190654, wiX K3
HEITREARAR, R3O0 Rhi/bi Beclinl 2 efEHTAE (ab210498, abcam, FE[H ).
PN p-P65 ZILEDIUA (ab76302, abcam, ZEE). Rfi/MEl p-IkB £ ik

(2859, Cell Signaling Technology, 3 [ fht/M i B-actin. ILEFL R 1gG(CWO156S,
AL AEMEEAERAT, LI BlEY ChEFFD. BCA HEHEEIRXT&E

(CW0014). RIPA 2y (CW2333). & HEEMIHIF (CW2200). SDS-PAGE LA
ZZ P (CW0027). SDS-PAGE Loading Buffer (5x) (CW0027), ¥ [ VTJ5% B At
AR R A E L WL ER R 1gG (CWO0156S, BN AR A R AT, L5,
DMEM (SH30023.01B, HyClone, dt%0). BA4-IIiE (11012-8611, Wiil RAiA4F}
M AERAR, Wi, FHEHERES 100x (P1400, LR ZREERFHRAA,
65D 0.25% Trypsin (T1350, LI ZEEERHEAERAR, b5,

2.2.5 Western blot iz 3&

RICHEAE RS =F 5 —17, i/ Cleaved caspase-3. Bax. Bcl-2. LC3I1. ATGS5+
Beclinl. p-IkB 1 p-P65 £ wfEHiiAIRAEH )y 1:1000, B-actin £ b BEPLIARMIIREE N
1:8000, Western blot LA B-actin NN Z:, H I H KA KA E A H & H/KF/B-actin
REAKT.

2.2.6 ZMREIRIG
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2.2.6.1 ARk

INERUF AR Ul 2R HT22, A ARAT -
2.2.62 RFIBELE

(1) BHEE Mel MUECH]: FREL 1 g Mel T 4 mL B0, EENFE N, M 200
uL DMSO #1800 pL F LAl FRKE, 2R 10 mM. T JEREATHRFERRE, Bl 24K
FEN 105M, 10°M. 107M. 10M F1 10°M ] Mel LA f DMSO F1%5 (A5 . G
HUEAR L IE, F-20 °C fRAFEH

(2) BAEE HO0 BIBCHI . 1 mL HoOr T 4mL BOFEH, EEEWN, A 1.8
mL JEAlEE IR AL, ZOKREEN | M. TS AT B FER RS, eI 24K EE SN 800 uM. 600 pM
400 uM~ 300 uM\ 200 uM .+ 150 uM ] H202 VLK AR . F G B JE AR i 38, T--20°C
RAEEH

2.2.6.3 MRpEITHEANLE TR

(1K B0 J5 B A M DTUE B 5 134T 4 M v 20 23 B0 o K 4 i 23 il BA 1< 10°
AN/mL FT 5x100 AN/mL % BEEE TR A 96 FLARAN 12 FLAR o X PR FRFLAR B 48 B 247 4>
ZH: CON 4. Hx0. 4. Mel 2541 HyOx+Mel 4.

(2) ¥ RIS AN L FRFE PRI 6 h, FF2H R SE AN EE 5 51 B3,
o R R SRR SR 7 5, TRk SN B 740 h B 5

(3) 12h &, [\ Mel 41F1 HoO+Mel ZHANME RN 1 uM Mel, JNZ545 9 5 4k 48
JRANFEFR R R .

(4) ¥53% 30min J5, [ HoO02 A1 HoOx+Mel ZHAHEHIA 200 uM Ho0,,  [F]ET 1]
CON ZH A in NS & 1¥] DMSO, Fifi J5 K N2 ) A0 ML BN B 77 H 4 22355 7%

(5) ¥57220h Ja, MIEFRFEHHCEA0M, 96 FLARIMAIMAH T MTT pofksill; 12
FLAR 20 P e SR SR J5 HE4T Western blot AHTE ALK A& .

2.2.6.4 MTT iR5&

AP IR [F] 5 — 258 11 1.2.9.6,
227 MEXIEE (GSH-PX #1 CAT). T-AOC HI#&;M)
2.2.7.1 GSH-PX 894

(1) PR HHE
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FREXZ) 30 mg B S H L4 1:9 IMANSIIRM, 1E 4 °C A0 T SR AGHAT
5132, BEJGTE 4 °C. 12000 g 615 R B0 10 min. WRER bi5#% 291 EP & b ] T
TE PRI E .

(2) FariliatR) & v & TAE:

30 mM NADPH HJfCH]: WREL 600 pL B zE 7K In A5 & 32 4L 15 mg NADPH
H, BREBERI LRI EIFIR

84 mM GSH KB H]: 7E 14 mg GSH HIIA 550 puL Milli-Q K 4liK, ##E%
B AR S R IR S

GPx A TAEMIBCH: THE HARIAE B, BFEXT A, RIE TRy
Pic o R A I AR VR AR

AIE AR A GBI 1 ANFE b
20 mM NADPH 5ul
84 mM GSH 5ul
A W H BRIE T i 1.6 uL
GPx &I TAE WA 11.6 L

15 mM I AR I ECH] . 5 21.5 pL B EAiR7) (+-Bu-OOH) ¥
W5 10 mL (1) Milli-Q 2KIR G, HERILATT/HRS, B R
(3) FEARIIE -
EHT 96 FLARRIE T RARIINARFIAE ity A 2R GPx Al TARMR, el
S LATE MRS . T 4 mL 15 mM S SPGB G, BIJFAE S e e M
i R IR, R RTA RS TR AR A% o

For I S A 2 E=papi FE it A 0 FE il
A3 I H I I S8 A A A W 2% 185 uL 179-187 L 175-183 uL
5 U i — 2-10 uL 2-10 uL
GPx farill TAEH 11 uL 11 uL 11 uL
1.5 mM o E AR 4 uL — 4L
SRR 200 pL 200 uL 200 pL

I FH G I B AR A B f B R AR 0 B EE TN E A340 1 OD fA .
FFR% 2 min BLE LA 10 min ELENE A340 A OD fH.
(4) B IEH Mt Al i 7 B
[ it o 25 I H ik o S84 P g 0 0 T=[ A AR 2 v 2 B JOR el S Ak 4 Bl i 73] X
[ R A 1/ DR ot P B R ]
DR 2 e H R S A S 21 A7 U/mg B H B mU/mg 25
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AR K S e g RO SO R PRI G S S R TR R EL A
[Ff e b B R IR BT A : mg/mL.

2.2.7.2 CAT B9#&M

(1) FEanTER:

FHAR & FR At I R R 2 30 mg (1 E A2, 44 FR 1:9 HOHGRE Ll s n 2
R, EARIRIA TR Y, 65Hz, 2min. BEJGTE 4°C. 12000 g 414 F B> 10 min.
W ER b i 235 1 EP & b P T B Tk () 2

(2) B R & TAE:

250 mM I EMEF R I BT R ERIEE AR E R, IR AR
TR i B A I AR S PR S Bk 8 I A SRS 22 ks T (i A A
FikE 100 15 5 i AL SR E LN 10 mM, 7E A240 RAIIEK:, SR 5 MR 24k
ZORE (mM) =2 2.94 X A240 M5 H ok AR SE BRI FE

5 mM J E ARG EC ] AR I i SE B i R A SR B LA 5 mM I AR

R VETR -

B TARRAIBCH]: BUG &R E B, 4258 1:1000 (1 Hu) S G RPIR R,
e 1) S € AR VA

(3) Frifkh i) &

5N L5mL Q8 , MEENA 04 12,5, 25, 50 8 75 uL 1 5 mM T4

WS, AR5 R A SR T 22 A 55 22 100 pL, YRS FE&E IR 4 uL
TN 96 FLAR N . FEIIN 200 pL BB TAEW . 25 °C £/DiFE 15 min f5IlE A520,
{58 & B (8] A B 45 min.

(4) F il g «

RSN 52 7 A 25 R FE i
FE AR 0 uL X pL

RN = o] 40 uL 40-x uL
250 mM i AL S 10 pL 10 pL

MHE ERAECTT, B xpl (0-40 L) FEAE 1.5 mL B8, B Adim AR
ISR AN ST 2 40 uL CHPADI 40-x pL i S8 AL SRR Z2 D, VRS ZJEIE W
O 250 mM R EAEIETR 10 L, LG 25 °C B 1-5 min.

SN2 oG ) AN I AU s 261V 450 pl,  BEIE S) 21 b M .

HEAS — NI B0V IR A LT NN 40 pL i AL S B AS Z2 pR 3, NN 10 pL
B CA R R, R

e — /N B 96 LAk, M _E—2B1 50 uL AR R FE 10 uL I EIFLAR N - FEA0
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N 200 pL &8 TAEW

25°C £/0iFH 15 min J55E AS520, {HIFE KA T 45 min.

(5) Ff i I SR A S 0 A

PREM 2 T3 . A520 =k [ AL AR /R +b, ebRAERIZRTHE H kA b 1Y)
{H.

B A 1 S B AR BT 5. B A A EUUBE ZR B = (A520-b) /Ko

AR ST BRI E S 1 ANERTE I AL (1 unit) £E 25 °C, pH 7.0 B
™, 7E 1min P AT DL R 1 0B R I SR A A

2.2.7.3 T-AOC B9#&:M

(1) FRAP LTAEW AL HI
S R, WA EESEE (ShrEZL) BHE=ER FRAP T/EHK:

For il 2 B AR 1 Al
TPTZ i fE 150 uL
TPTZ VW 15 uL
FRAT VRS G FEIONAS DU 2 i
ol 22 15 uL
FRAP TAE# 180 uL

FRAP TAEMACHI G 37°C W 6E, JFEAE 1~2h WM.
(2D REWIAE b v £

2] 30 mg S ZHZUIMA 100 uL PBS ¥ GEERKAT, REIL &SRR
i RS E TR, SIRLAFR 70 BRF A U R i P, 4 °C £ 12000 g &0 5
min, B _EiEH T E 2200 .

(3) FrifEdh &I E -

FREX 27.8 mg FeSO4-7H,0 Zjfh, A G E RS 1 mL, JL R EERD
79 100 mM. HU&EE 100 mM FeSO4 M 42 0.15. 0.3, 0.6, 0.9, 1.2 fl 1.5 mM.
T8 AT DA FH 28 1R A B oot T 1) 3 B T s 7 ot

(4) BpsEae 7 B e -

HER—> 96 FL, MR IFL A 180 uL FRAP TAEVK.

FEMBIIMAEE: 5 uL Z&18/KE PBS H THIMEZ XTI K 2 BT S 4 (0 b ARV VR
N 96 LB AL & AniE it 2k Kl & IRE AN 96 FLARIN . IR . 1
37 °C A E 3~5 min JEIIE A593.

AR A vt Hh e v S5 A LS B RE T o SR I E SR IR BEAE R T
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AR Rre P MR B S REIR I S T MG TRk I E R A
A0 LASh, 75 A0 il MR Ja AT -

BPUEMBE IR T 0T FRAP 5, S EALEE S FeSOs bRtk I i I
WIZRER

2.2.8 BIRESHT

i i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States) i
TEAE T RN N T IE AR R (SEMD. IR Z 5 K BRI Z 04 (one-
way ANOVA) Fl Tukey 1% B WA IHAT 208 P (< 0.05 WNE G2 & Lo

234
2.3.1 Mel EZ21M SD FEN/NRIESHETTAT

R 2k SD s 5 5l S e T2, FA 1K A Western blotting £l Cleaved
caspase-3+ Bax il Bel-2 HIFRIAK. SR B EXBAAML, % SD 4 Cleaved
caspase-3 Fll bax FiAm B ETHE 103.2% (P=0.001, K 3-5A) F150.0% (P=0.001,
3-5 B), 1M Bel-2 #IAREFE T 31.1% (P =0.01, & 3-5 C). ARifi, 4T 54 SD
/INER AN R 20 mg/kg Mel J&, SD + L-Mel 2H Cleaved caspase-3 11 Bax )ik & L 2k
SD KT 44.3% (P =0.001, K& 3-5A) F130.1% (P=0.001, & 3-5B), i Bcl-2
RIEET T 62.2% (P =0.002, K 3-5 C). SD+H-Mel 41 1R I H 24T SD+L-
Mel 20 #1281k,

N T WA Mel X HaO2 155 1 HT22 40 T2 520, AT 1A T Cleaved caspase-
3. Bax fill Bel-2 JFRIEKF. 53R EIR H00 AR HT22 4 Cleaved caspase-3
Al Bax HExHHRZH HT22 AT+ T 79.3% (P=0.001, & 3-5D) A1 130.8% (P=0.002,
3-5E), 1M Bel-2 M ARIEKFFFIKT 50.9% (P=0.03, K 3-5F), 1 Mel KT
ACFRI T HoO0 15 S 0 HT22 40 T2k (& 3-5 D-F).
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3-5 Mel Xy 21t SD /NI S AT EBRIFNT
(A-C) # 21 Cleaved caspase-3+ Bax Al Bel-2 HIAXS & HERIAKF-; (D-F) Hy0, F1 Mel 4k
P J5 HT22 41 ffl Cleaved caspase-3. Bax il Bel-2 X 28 [ARIA/K . CON: XfHE4H; SD: HE
IRFIZF4H; SD+L-Mel: HEIRFIZF-HEFIE (20 mg/kg) Mel T-1i4H; SD+H-Mel: HEAR S+ 7
i (40 mg/kg) Mel T, 45 LA Mean = SEM XoRx, WHMA LirFBEEZEREE (P<
0.05); FTFRHAZERTGIFE L (P = 0.05).

Fig. 3-5 Effect of Mel on apoptosis-related proteins in hippocampus of acute sleep-deprived mice.
(A-C) Relative levels of Cleaved caspase-3, Bax and Bcl-2 in the hippocampus, (D-F) Relative levels of
Cleaved caspase-3, Bax and Bcl-2 in HT22 cells exposed to H,O, and melatonin. CON: control group,
SD: sleep deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-
Mel: SD + high melatonin (40 mg/kg) supplement group. The result represents the mean + standard
error of the mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those

with the same letter do not differ significantly (P > 0.05).

2.3.2 Mel ER M SD BFSFRVNRIE D HE T B

NERDE S SD & A 5] i B4 gt H Wk, FAT 1K FH Western blotting £ ] Beclinl,
ATGS5 1 LC3I/LC3I JRIE K> R B/REXHRAAMIL, S SD 41 LC3I/LC3I,
ATGS5 Fl Beclinl fI3R1E5 & 5 & T8 138.2% (P=0.001, & 3-6C), 99.5% (P=0.001,
Kl 3-6B) H177.5% (P<0.001, & 3-6 A). #R1M, %47 cf% SD /M b 78 20 mg/kg Mel
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J&» SD+L-Mel 4. LC3II/LC31, ATG5 £ Beclinl [f)3RiA & b &2t SD 4K T 58.2%
(P =0.001, & 3-6 C), 36.8% (P=0.001, & 3-6B) f136.2 % (P<0.001, ¥ 3-6
A). SD+H-Mel H BRI H LT SD+L-Mel AHHAE1L
T HEIN Mel % H0, i S 10 HT22 4000 E W s m,  FRAT B ARE R I T
LC3I/LC3I, ATGS5 A Beclinl HJFRIAKF. S5 R TR H0, 4B HT22 4HfEH:
LC3II/LC31, ATGS5 1 Beclinl HEXTHRZL HT22 405 T 21.6 % (P = 0.005, K 3-6
F), 79.3% (P=0.001, B 3-6 E) #175.3% (P=0.001, i 3-6D). i Mel f Tt
W Ho0, 1531 HT22 48 | w324 (K] 3-6 D-F).

A B C
i [ | K117 711+ [ ] 410 | (4. T sk
LN | m————] 1T [l | ———— LT ] B 16k
[raikn — — | |10
- b B FI i h-'|
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E:ll T E:: E i
- .
Rt he | g .; & E i ‘d | = 4‘ :.: .E 3 .
" b - & L] = I n k
T, By ] E' ar = r] h &
E | | - = ' i iﬂ =
_:lll | 'E-:l : -
il l e 3 | -
. (TF TR T - - ‘ ame

U = (2] i i £ rim #h an ] l e

Beuhinl | - e Mn-. AT |r 1 - |#LCln
[L-HETi | — _""-"""""l-'l.'illu feactin _ - L3 | iz
thastin —

i'l " :.J'-: % |II ?H b ‘_a 1
E” ' Y . .:I "'-. ¥ .\il It E
lII '-L - -a-; ; - .\T., - ..b .I
vmENE HaEls L
i i) | ;
. A e T

3-6 Mel 3t 2% SD /MRS BIEE RIS
(A-C) ## A2 Beclinl, ATGS Fll LC3L/LC3I KIAX 8 FERIE/KF; (D-F) HyOn Al Mel AL 2R
J& HT22 40 Beclinl, ATGS5 H1 LC3I/LC31 HFIAAX SR A #RIEKF. CON: XHZ; SD: HEHRR]

Z54H; SD+L-Mel: HEHRFIZF-HEFIE (20 mg/kg) Mel T-1i4H; SD+H-Mel: BRI 7 &

(40 mg/kg) Mel THidH. 255 LL Mean + SEM £ox, WAHAMFE LirFREEREE (P<
0.05); FTFRHAZERIEGITFE L (P = 0.05).

Fig. 3-6 Effect of Mel on autophagy-related proteins in hippocampus of acute sleep-deprived mice.
(A-C) Relative levels of Beclinl, ATG5 and LC3II/LC3I in the hippocampus, (D-F) Relative levels of
Beclinl, ATGS and LC3II/LC3I in HT-22 cells exposed to H,O, and melatonin. CON: control group,

SD: sleep deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-

Mel: SD + high melatonin (40 mg/kg) supplement group. The result represents the mean + standard
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error of the mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those

with the same letter do not differ significantly (P > 0.05).

2.3.3 Mel XZE2M SD FEH/NRIESHE TSN

T VA Mel 0P 2t SD 51 A St sz, A1 T HiE A B RS PR
thREST. GERERSFBAME, S SD /MRS GSH-PX, CAT Al T-AOC Fi/K
PR ERRKT 50.6% (P=0.006, K 3-7A) ,54.% (P=0.001, & 3-7B) #133.0% (P
<0.001, & 3-7 C). 21, 45T 2 SD /MRANFE 20 mg/kg Mel J&5, SD + L-Mel 2
GSH-PX, CAT 1 T-AOC f7K-FHb &tk SD 4+ T 106.0% (P=0.001, & 3-7A),
70.9% (P<0.001, K 3-7B) F140.6% (P<0.001, ¥ 3-7C). SD+H-Mel ZH LK H
4Ll T SD+L-Mel 4H 1284k,

NTHEN Mel X H.0, S0 HT22 gifiE /K- Frsem, ATREERI T
GSH-PX, CAT Al T-AOC 17KF. 4558 5o Ho0, A #Ef HT22 4HfH GSH-PX, CAT
FTT-AOC HI/K-FLEX HRZH HT22 4Hf %K 7 19.4% (P=0.007, & 3-7D), 30.5% (P
<0.001, K 3-7E) F116.7% (P=0.001, K 3-7F). 1 Mel FITALFEY % H0, S
(1) HT22 8t e /K- R 1324k (&l 3-7 D-F).

A E
1] 1E
a
= Al -
SE o] E ‘; g i -
i g B
i _% Eaa
i = 5
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H1
I-'i e
[} ¥
[E=] Bl e e T L]
X = " 8 i r 1}
= E]
a i u F3 W
& ke a
E' B S = L H ih W ]
E o = b = 'l_? iy "1i'-' Eﬂ’ CI i
E = & =M ¥ 1 E & .
s - ey 5 - a = B =
E ] ey & T L Eiw
H = Eﬂ o § 1= - & - I" s
L * - ¥
n ﬁ I.+ F .-
s
® =
Baioy - - T - by . ' - - Irdag * -
ey & - Bd e - + B Bl e

3-7 Mel 3t 244 SD /NI DAL FHIFNG
(A-C) #FHHZ GSH-PX, CAT Ml T-AOC KM HKIL/KF; (D-F) HaO2 M1 Mel A2 5
HT22 41l GSH-PX, CAT Al T-AOC HIMX s H&KIA/KF-. CON: XHEZ; SD. HEHRRI<FA
SD+L-Mel: HEIRFIZF-HEFE (20 mg/kg) Mel T-1i4H; SD+H-Mel: BEARFS+m77E (40
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mg/kg) Mel FHidH. 455 Mean + SEM £oR, WA ME EAFREEREE (P<
0.05); FFRHAZERTGIFFEE L (P = 0.05).

Fig. 3-7 Effect of Mel on hippocampal antioxidant level in acute sleep-deprived mice.

(A-C) Relative levels of GSH-PX, CAT and T-AOC in the hippocampus, (D-F) Relative levels of GSH-
PX, CAT and T-AOC in HT22 cells exposed to H,O, and melatonin. CON: control group, SD: sleep
deprivation group, SD + L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-Mel: SD +
high melatonin (40 mg/kg) supplement group. The result represents the mean + standard error of the
mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those with the

same letter do not differ significantly (P > 0.05).

2.3.4 Mel ZE2M SD EER/NRIEDSHEZ TP NF-«B BEEAEGE

S AL, 2k SD BUE T NF-«B 15 5@ . 5XTIBAMLL, =
PESD 2 J5, MWHHLR T p-P65 MR ARIAK I T 63.3% (P=0.102, K 3-8A),
p-IkB [ AR IEK TN T 124.6 % (P<0.001, K 3-8 B). #R1fj, 52 SD 4
b, 20 mg/kg i Mel I8N J5, S p-P65 IR HRIEK T K 33.7% (P=0.152,
3-8A), p-IkB IR AFRIE/K LT 59.2% (P=0.001, K 3-8B). SD+H-Mel
1 2 B S8BT SD+L-Mel 41781k

N T HiIA Mel X H202 35511 HT22 4 Hd N NF-xB 15 538 2% 152, FRATT AR
W7 AL p-P65 il p-IxB HIEE FIRIAE I . 45 R B Ha00 b3 HT-22 4iidH p-
P65 Fll p-IkB 3 A ik KT HE 6 B4 HT22 M K T 85.4% (P=0.006, & 3-8 C)
F1102.7 % (P=0.001, & 3-8D). 1 Mel FIFiAbFINE: T HoO, #5510 HT22 411 N
NF-«B {5 5 1 2% 0 -
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3-8 Mel X2t SD /MR B S NF-«B {5518 A2
(A-B) ¥ L p-P65 I p-IxB AN (1K IE/K T, (C-D) H,0, Fl Mel Ab3 J5 HT22 41
p-P65 Fl p-IxB FIFHNT R FIKIA/K . CON: XtHEZ; SD: HEHRRIZFA; SD+L-Mel: HEARFIZF+
iKFI&E (20 mg/kg) Mel TTi4; SD+H-Mel: HEHRFEIZF+=55E (40 mg/kg) Mel F1idH. 455
P Mean + SEM £/, AR LA RIEZRRZE (P<0.05); FFRAZER LS E
X (P = 0.05),

Fig. 3-8 Effect of Mel on NF-kB signaling pathway in hippocampus of acute sleep-deprived mice.
(A-B) Relative levels of p-P65 and p-IkB in the hippocampus, (D-F) Relative levels of p-P65 and p-IkB
in HT22 cells exposed to H,O, and melatonin, CON: control group, SD: sleep deprivation group, SD +

L-Mel: SD + low melatonin (20 mg/kg) supplement group, SD + H-Mel: SD + high melatonin (40

mg/kg) supplement group. The result represents the mean + standard error of the mean. Values not
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sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

2.4 1Wig

ZHTHEFCR IL A SD e T80 LA Tu i RO, A T AN B E R
20 E R EESURINZE (Lietal,2015). HAh, BMESYMFET-HE S & HAH AR
F o A NS ARG R R — 40 N B E AR T W — PR R AR A T () B A
U I N e b ) e E R IR NG i RS N S L SO S R | P N 7 2 O
IR AR 7T Wl B A 1 (RIS, CASE SR 20 P A ) e B RS T SCRE DB ARAE F IAE A R
R, ELInE R (Ghavamietal., 2014). ZERFFEA [ WA R T002 700 4 ) g
T8 2 T Bt s, T B RS2 A B B R T R S EOM A AR I, W)z AR A o
K (Haraetal., 2006), £ HEMAR, @ LC3I/LC3I. Beclin-1 f1 ATGS, #FHKS
H5HESRE. AR AN SD /NRIE S X LC3I/LC3I. Beclin-1 fl ATGS RiATH
s, PoRAEYE SD HESd AN, SR, Mel HIMGIT AT LARRR 2 SD /NRIES
LC3II/LC3I. Beclin-1 Fl ATGS [FJZRiE. AR, X HT22 4HARE T FAR AR 30 E 552,
Mel A L] Ho02 355 1) LC3I/LC3I. Beclin-1 1 ATG5 (K FF . 4P A& SMR L
B Mel B DAHIHIHE Do 22 70 N I FE R . BRI o) 2 D e R T T 4 AT
T BN, AR BB SNt R R T 4, i BLAE IR R B A R AL
HB T4 o SR 22 03 24 5 AR Cansh 280D 1 A W2 S 34 iB R 1 (McKernan
et al., 2009). Bcl-2 1 Bax #8J& T Bel-2 KRR, H 7 RlfENAETR TR 1E KA
HIYER (Fuchs and Steller, 2011). Cleaved caspase-3 #& Caspase ZX % % i1 i F E 2
FF, EUZAE T PO /ER (Larsen and Serensen, 2017). FEAHT 7L H,
S SD /NS NI T A TR TSR, RILN Cleaved caspase-3 Hl Bax [1) 7}
A Bel-2 P, X n] LUl Mel MRTTRATH . 7E Ha02 75 510 HT-22 41 I,
Mel % /] Cleaved caspase-3 1 Bax 185 Bel-2 k. Kk, &P F&SMRL:
Y228 Mel ] A UG ffie PP 48 70 e R T

fE E—grh, IRATKILZE SD 1753/ MR 4 A ik BEvE AL RN 28 28R B, 3
FEE TR 90 e N 2 (i R4 P S 30 5 (AR P A TR 3. 7RI AR, NF-«B J8 B 3%
T JE NI JE IR T R AR, NF-«B iR B a4 b, — BAESMANET, &
AT B ML I 2 &P SRR T . FE RSO, RN ROS AL
LM AAEE—FPPAT . — BEPATHEIIRN, Mt RSN, F2 DNA. iR
MR A REEY RS T KA —RIIA TR (Majdi et al., 2016). KK )
2 BEACSEI R, RO EVEFERE S, PR, K2 AR &
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B Uik, WESZREALT), PrEibBe I %% (Fukui et al., 2002).
DAL, FFEE B A PR 4 2 FEON A Dh Re i A o BERAS & N At —Fhml LS EUR
BT R G0 ot B AR B RBOR . FEAREFU T, FRATTIER R SD /N Ui 5 rh i e AL
(GSH-PX Fll CAT) [J2i%, LAK T-AOC 7K-FHIFFK. XEFMHE Mel [1)4h 78 Fridd
e, H5RNERMLL, Mel W5 T H,0, 75510 HT22 4iiHfe GSH-PX A1 CAT [k,
HFEE T T-AOC. £5 FRTIR, 1XLbsh TR B Mel Xf 2P SD 1755 BV KN A il 22 AR
P48 F AT DS I R R G 52 A P P 5% 20 R R 25 8 R SRS SR AR R

2.5 ING

gi bk, St SD i i#0E NF-xB iE % SRR, FR K2 JO0E, B
1P A2 70 BN T, 27 A NRIThRE N FRRT o SMIRTE Mel [4h 78 n] JE L 41011
AL RN 28 JORE JE 1T 24038 Sk SD 51 A B2 H AR T

3. AMERFTIEHIEHKZ AT TIES /R IA I EEfERS
3.15|8

ZHMAEY) T, PR B BAE T D) Be 2 A M 4 R L U S A D RE AN ml b AR
Bl FE—MHUE, FAAE—Fpal 2 Fhgl Mt 07 0[RS A1 00, AR E A1 2 18]
FAEZE S, AR BTN KR« AT T T RGBT 2 56 A AN AH [F] (1) 9
HMBE T 5 3K, BIE TS TR Re 51 RS A B Bk A T E AN 22 s M ) T 0d R R AR A o e Ah,
MIEA % b, MR T RN A AR R D, et iigiee, MT/AMETE R, 40
HIRAR, BRARSE R TE I B . X TERIETS, HAR UL PR 2 BE S8 I, 28
WL />, ZRRLAR MR EE, MM IR . MAEERHE T T, —HMAAEIR 2 2
5, FT-WIFRE R Caspase ML TC Bel-2 FEER A HE, DNA B, 20 A
5, MRS B AT A RN bR EY), EERRAETUE AL, system Xc-H4],
GSH /KF i, GPX4 #ii| GEf% [ WLgn B2k st T84k (Li et al., 2020a). {HFHE
FIRN, BHIF TAEE BRI —FRIRF= A A REFRI 5 S T REIE T R 4,
SXoF e 20 P A v PRI R R AT A Y A L A8 A e D PN g 4 1) i 1 N 24 P e 4tk
(Weietal.,2019). #E—BRABFRIL, P8 AL T RN H] TP AA AR BAHAE X
KR Eon ps3, — AN H AR EE R SRR . p53 MBSt T E Bel-
xL Al Bel-2 FHEAE R F4EdT, 3G hn 2kt s i@ g5 S M 1. (Wei et al., 2021).
A S AL pS3 o] LATE#E /K P 3IH] SLCTALL fIZRik, Mt g e k& A 2k st
T2, SFEMRME (Liuand Gu, 2022). HLARTE RSN TR E AT REOIRAS R, A
ZUN BT REAFAE R 2 A IR ML, (E7E 2 SD B, T FIBRBET I OE R
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KL FRATAE 2Pk SD BB LAt -, ¥shn T Erastin Ab¥EZH A1 SD+Fer-1 4b¥E4H,
KARTT 2 SD B N G ZH 2R rh R AP AL T 7 2 Rk &R .
32 MR 55%E

3.2.1 RBEENPIHALIE

80 W 8 A WSHENE ICR /N4> A 4 41: CON 4. SD 4. SD+Fer-1 #41. Erastin 41,
TEIEN. — 5 J5 SD 41 SD+Fer-1 /N ERBEATESE 72 h HIBEARRIZF, [FES SD+ Fer-1
/N AE SD AR | 7:00 4L = R IGHETE ST Fer-1 10mg/kg, Erastin ZH /) B8 [F] I 7E
SD JHIE - | 7:00 4 = RAEJEEN Erastin 5 mg/kg.

HATAT AR N BRAEE R 1 8 JE AR — R T /KR B e/ B8 3 e 711
ik, KEEAT NBERGH N BRI ATHERR . SRJERET 5d KRB, ISR G
HATHEESE 72 h EME SD, FERIZFEAE ARG H 8 h AT /KR B ke A%, 78 R
- G A7 TE I BB ARSI /N BR B & (I (] BE RS RUE ;28 R KR B IR &
Fpanill /) B 5Bk 6 R REONAE H bR 6 15 B8 IR TR] , 7K 2R B9 R ke il 45 R 3
1TY BRERI

3.2.2 WXL BRI ER

48 WRHEATAT N 2EAG M R /N SREESE 72 h (19 SD J5 T- 5 _E 8:00 HEATHUH, R
1% 13 B2 G 22 VRO B3 /N BROEEAT BRI, LB EAT /N RIS ot . RR4 6 A/
B B 4% %2 B FR I 81 0 F T e SR 2R Al . [RIZH R0 AR 6 SR/ BUECHS XU it
Ty, SRR B 2N B R 2-80 “CUKAE T qRT-PCR 1 Western blot £
.

323 FTEMUEEESR

AEY) AL (LEICA, RM2235 A1, fE[ED. AYHAUINL (BM-VD. St
MEE (Olympus, BX51 8, HAD. FMERERS (Olympus, DP72 B, HA) ik
SR THRAE (101-A, B AOCM BT AXES)  HED. md & N E 0L (TG16-WS,
WAL, WIEG). PéE & PCR X (Light Cycler ® 480, Roche Applied Science, fZ[E ).
RIS E = 0L (5248 AU, Eppendorf, FEED. ZEOHL (Mini-6K, UM B
WABRAT, BUHD. BEAR{X (BLO-RAD, 550 B, SEED. MK (1 5RAE Ml 7=
SAERRATR, L. H5KHL JXFSTPRP-24, LS EI R BERAR, L
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W) AT A (101-A, IR AOCM BRI, ED.

3.2.4 R

TRRFACER . EhIR. BRI S B bR iC FISEREON A 2 (CWOL16S, REANtHLE
VIR R AR, L0 73RN EhERFIHS 7> . TRNzol Reagent TRIzon & RNA
SR (CWO0580A, FBENMHLZAMEARAR AR, TLI50). REEFEME (Thermo
Fisher Scientific, Boston, USA). %$i/NR Cleaved caspase-3 % wFEHiA (ab32042,
abcam, FEED. RPN Bax £ wfEPUIA (ab32503 , abcam, £E ). %P/ Bel-2

(ab32124, abcam, £ [H ). i/ NeuN i BEHIA (ab177487, abcam). 1P H
IgG (CWO156S, RNt AR ARAR, LHO. BTk (hEFF)D. BCA
HHEREIRAMNE (CW0014). RIPA ZFK (CW2333). & EBFIHIF (CW2200).
SDS-PAGE _EFEZE M (CW0027). SDS-PAGE Loading Buffer (5X) (CW0027), ¥J
W B VLI AL AERA R AF L ILEPiR 1gG (CWO0156S, R AR,
HIRAF], LHD,

325 BERHpKRE

St e S At e e

I IR IA 5 8 5 2.2.4,
32.6Y Fikg

B PR F) S R A T 2.2.5,
3.2.7 REHALHLEFESR

(1D —HiEE: H—HURBRECH i/ B NeuN HogEPLA (1:500), BIPEXT
& F] 0.01M PBST 22 A= — i
(2) ZPhiWE: “PeRHEP R (1:300);
HoA i P IR A28 — 2 58 =7 3.2.7,

3.2.8 Western blot SEIf

(1) HHLEFE, AE /MO PYDF B, BNRES IxTBST & N ELE 3
W, BHR 10 min. [FIRTEFE#&EF H TBST BCE bt/ R Cleaved caspase-3. Bax
A1 Bel-2 FBEE % 1:1000, B-actin MRS 272 1:8000. E¥ELE R G, EEEH KN
7 PVDF JERHE B NI &N, 4 °C VKA

(2) H TBST FCE MKy 1:8000 H)FHL R IR, THERERIE, ¥ PVDF
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BRI Tz, TRERER, =iREE 1h.
HARR0 D PR IF 28 = 55517 1.2.6.

3.2.9 qRT-PCR I8

IR RS 815 1.2.8. MAFEDHIGE LML Tl Dmel 1 Fpn 347
mRNA A

3210 MRMEBETERE
RIGIRIERSE =257 1.2.5,
3.2.11 IS LB SOD 5 MDA HI#&
RIGIRIERISE =57 1.2.8,

3.2.12 BB

{§i i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States) i
TEAE T RN N T IE AR R (SEMD. IR Z 5 KRR T Z 04 (one-
way ANOVA) Fl Tukey 1) % B WA ST 208 P A< 0.05 UNE G2 & Lo

33 £R
3.3.1 Fer-1 BORINXT A SD NRZIE)ZF S22 68 180520

B ER A A T s s S SD RENE SIS A T E e, I G HE /N BRIA R )
REfIRs, X —d Rt AT S 51, N TR HZ LR, &
ARSI T AN A A3 R BRAE T AN TR AR AR A . R IKIR E AR ER, RN
RIGH (BRECF S AFERD, SXTIRAAHL,  Erastin 20/ R BEF & B )RR 25
HEERAIN T 128.8% (P=0.024, & 3-9 F) #1106.7% (P =10.028, & 3-9 G). fE%
TR TS, SXTIRAAHE,  Erastin 210/ RUE H bR 5 RS B O TE]
RG-S G IR BHR B2 PR T 40.7% (P=0.018, & 3-9C) Al 68.2% (P=0.004,
3-9 D). PLESERFH EZME SD Al Erastin [IALBEIYAE 5] /N R A FCIZ 005 . 4R
M, 2% 2 SD /N AN7E S mg/kg B Fer-1 2 5, 5514 SD /NEAHEL, B F&
VY B ) 12 5 0 4 25 PRI T 56.4% (P=0.005, &1 3-9F) #158.6% (P=0.004, & 3-9
G), 78 H AR R PR 15 B I RN 2 8-~ & B B w5 38 0 7 48.3% (P=0.027, & 3-
9C) F168% (P=0.001, B 3-9D). &AL HE L EEZES (K 3-9H).
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A Without hidden platform
CON sD I rastin SD-Fer-1

1 g B
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E  With hidden platform
CON S Frastin St Fer-1
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|
|

(i 1

FTl t B -

i k £

l" ill ; ; i & .- [

} 4 i fi'.‘, : g :

g " i HE F g dad L]

" I :, I:: 1 2 ! : |_|_ r-'- i (= -T: [

i = Hh Hali s : r il

VIFLIEE s A
g E S ‘.,-" oG F {I#A"

3-9 Erastin # Fer-1 FHx/N R 281212 88 1 ARG
(A) ZEACIZIRPEE CREFECTE) , (B) HENUKEERER, (O #EAHARXIERM
% EHEL (D) 1 BFRXIBAETR MR, (B) 2 EiciZiiR 3o B GREREcrE) |, (F) EiiE
A RFERR R, (G) Pl FEMBAKE, (H) A TFERNKREEZ. CON: X4, SD:
ENRFIZF4L; Erastin: Erastin XbBE4H; SD+Fer-1: FEHRFIZ+Fer-1 T-Fi4l. 455 LA Mean +
SEM #on, BEAMEIARTFRIEEREE (P<0.05); FAFRAERESITHEL (P =
0.05),

Fig. 3-9 The effects of Erastin and Fer-1 interventions on spatial memory ability in mice.

(A) Track plot of spatial memory test(without hidden platform), (B) Schematic of the Morris water
maze, (C) Number of entries into the target zone, (D) Time spent in the target zone. (E) Track plot of
spatial memory test (with hidden platform), (F) Latency to reach the platform, (G) Path length to reach
the platform, (H) Path velocity to reach the platform. CON: control group, SD: sleep deprivation group,
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Erastin: Erastin supplement group, SD +Fer-1: SD + Fer-1supplement group. The result represents the
mean + standard error of the mean. Values not sharing a common superscript letter differ significantly at

P < 0.05; those with the same letter do not differ significantly (P > 0.05).

3.3.2 Fer-1 BRI 2 SD /MR 2 8 TEIZ [Z 2N

Y RELRER, SXRAMEL, Erastin 410/ E R BT RN E 9 B
K 13.3% (P =10.042), %A1, M%5F 2 SD /MRANT 5 mg/kg B Fer-1 2 J5, 52
PE SD /NERAHEL, BARZ BT RE I T 21.5% (P=0.005), Hixigtrk S =Xt
R KT (B 3-10A-E)s

B ™ R
- i, 1 I E - o0
k\\%k#“'ﬁ o AI;"‘ ik "
A S B £ e ab
“-r B B0 . B o
I E .i-%? : b, = ?z
| § =o{ o wien ot | ®
| E [rG-.
Il e i i 4 4
'\-\.:1- H'\-.\_\_\_\h ____...--'." ‘._':-H:"' . s
k1l
| o

3-10 Erastin #0 Fer-1 FFixf/\ERAGEA TAEICIZ B2
(A) CON Hii2l; (B) SD #l#42Kl; (C) Erastin E%42K; (D) SD+Fer-1 412Kl
(F) BHRZBATNHE L. CON: XHEZH; SD: HEHRFIZFZH; Erastin: Erastin ZbFEZH;
SD+Fer-1: REHEEIZF+Fer-1 T 1. £5% 0L Mean = SEM FoR, EAHMFE LARFRENE % F
B (P<0.05); FAFRHAERLLIFEL (P = 0.05).

Fig. 3-10 The effects of Erastin and Fer-1 interventions on short-term working memory in mice.
(A) Track plot of CON group, (B) Track plot of SD group, (C) Track plot of Erastin group, (D) Track
plot of SD+Fer-1 group, CON: control group, SD: sleep deprivation group, Erastin: Erastin supplement
group, SD +Fer-1: SD + Fer-1supplement group. The result represents the mean + standard error of the
mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those with the

same letter do not differ significantly (P > 0.05).

3.3.3 Fer-1 B3R MMXTAM SD /NRIE DML T E LN
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NeuN G H UL 2= e ta o5 W R 5XT A AHLE, Erastin 205 CA1. CA3 Al
DG X & e B E MK T 12.2% (P<0.001) ,10.4% (P<0.001) F118.4% (P
<0.001). #RT, 4ok SD /NRANE Fer-1 5, 55% SD 4IAHLL, Fer-1 %78 [/
# CAl. CA3 il DG X #&usim R & & 1 22.2% (P<0.001), 21.3% (P
=0.001) F117.4% (P<0.019) (|&3-11B-D).

A LN 1R Trsim SEFFes- |

LAl v S TR

L.
AT .
e L i
L ﬂ'..r.hu !‘..;!
I T,
- '.-Il
Sl% : vl ' [T
I-!' EH ';'- - r':l am
Bl 2 . £ |
e =S - -
E ) W 3 im ST i = — »
o 3 = w [ 4 ] 5
i x5 B R oa [ feud ]+ -
E v - | v iy i 1 L il
] E LT . G FI ] -|.| o -
i LI ILIAR
Ll ) |
& 5 & J + & .
o ‘_il'r. w_.'slf __:F' ‘__f d'\-'rf s _‘.-'E’n: ‘1;.*'

3-11 Erastin # Fer-1 Fxt /)R IE S MEZ THERF2N
(A) AFERAIEH ) P24 70 NeuN JeBEE (ELBIRDY 50 pm); (B) 5 CAL X, (O
H5 CA3 X, (D) S DG IX. CON: XTHEZH, SD: MEARFIZFZH; Erastin: Erastin AbFEZH;
SD+Fer-1: REHREIZF+Fer-1 T 1. £59 L) Mean = SEM %R, WAHAMIFE LARFREHE % 5 2
% (P<0.05; FA7TRAZERESHTFEEL (P = 0.05).
Fig. 3-11 The effects of Erastin and Fer-1 supplementation on the hippocampal neuronal loss in mice.
(A) Images of the NeuN-stained hippocampal neurons in the different experimental groups. Bar = 50
um, (B) hippocampal CA1 region, (C) hippocampal CA3 region, (D) hippocampal DG region. CON:
control group, SD: sleep deprivation group, Erastin: Erastin supplement group, SD +Fer-1: SD + Fer-
Isupplement group. The result represents the mean =+ standard error of the mean. Values not sharing a
common superscript letter differ significantly at P < 0.05; those with the same letter do not differ

significantly (P > 0.05).
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3.3.4 Fer-1 BRI 2 SD /NS HE T T FAE TR0

AR B T BRI AT, AT S AL, Erastin 240 (1935 5 AN [F 4 X
FIFE R KBRS T EM, 29T T 31.1% (P<0.001). 65.3% (P<0.001) Al
69.4% (P = 0.001). A% 7S SD /N4 Fer-1 J5, 5 &% SD 4AHLL, Fer-1
AAR/NRIES CAl. CA3 I DG X HHEL BT BHIEZH M) 10D B 73 Al B T 39.0%

(P<0.001). 51.6% (P<0.001) F151.0% (P<0.001) (&3-12A-B). #t—5A]
e TR 12 B A mRNA /K, g5 BRSO, Erastin 35 Tf1 FI15R
KR E TR 33.0% (P<0.001), Dmtl FRIKXEETE 46.9% (P<0.001); ki
HEH Fpn BEEKTFBEFKT 35.8% (P < 0.001), Erastin 41004 Dik#iaEA
AR5 2k SD 415l ROS ML BB EIR, Sk SD Al Erastin FIALEE 542 T i
BHZ ROS BT, 1 Fer-1 Wb 718 % 7 2tk SD i R Z8hr 2N (& 3-12
D-F).

[FIRERT, FRATHATIGH AL T AR G R IATE L, Western blot 25 5 /R 2k
SD Al Erastin 55 T 4 A T2 0. BARRI 53 AL, Erastin 4H¥#F 5 Cleaved
caspase-3 T 5 34.5% (P < 0.001), Bax Jt& 1 24.4% (P < 0.001), T Bel-2 BT
26.4% (P < 0.001). MMz T2t SD /NRANE Fer-1 J5A 200 BG40 R T R B K
A, BRI S S SD 4UMEE, Cleaved caspase-3 [£1k 24.5% (P < 0.001), Bax [#1
T 34.4% (P<0.001), ifi Bel-2 FHi T 23.4% (P<0.001) (A 3-12H-D.
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3-12 Erastin 1 Fer-1 Fix/ R SME TTEAE THUE T RIS
(A) 5 CAl. CA3 Ml DG XEkEFRHMEA RN IOD H: (B) & Lt SR BEkE+
B . ] Imagel WHELES 7Y o285 T AbEE . RS TR 8RB £ Gk (LB R 50
um); (C) ¥ L LH ROS AN E&; (D-F) LS RIZEA T1, Dmtl M1 Fpn 1)
FXT mRNA 7KF5 (G-I AL F T KR E [ Cleaved caspase-3, Bax Al Bel-2 AR &
FILAKF. CON: XfHE4L; SD: MEARFIZFZ; Erastin: Erastin AbFEZ]; SD+Fer-1: HEHRFIZF
+Fer-1 4. 4R LL Mean = SEM FoR, WAHMFE EArFBHEZEREZE (P<0.05); A5
RHAZR LS E XL (P = 0.05),
Fig. 3-12 The effects of Erastin and Fer-1 interventions on ferroptosis and apoptosis in mouse
hippocampal neurons.

(A) Relative IOD of iron-positive cells in the hippocampal CA1, CA3, and DG areas, (B) Micrographs

depict iron labeling in mouse hippocampal sections. The iron-staining results were processed using
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~ ImageJ. Iron deposits were observed as red granules. Bar = 50 pm, (C) Relative quantification of the
ROS assay in the hippocampus tissue, (D-F) Relative mRNA levels of iron transporter proteins 7fi/,
Dmtl and Fpn in the hippocampus, (F-I) Relative protein levels of iron transporter proteins Cleaved
caspase-3, Bax and Bcl-2 in the hippocampus, CON: control group, SD: sleep deprivation group,
Erastin: Erastin supplement group, SD +Fer-1: SD + Fer-1supplement group. The result represents the
mean =+ standard error of the mean. Values not sharing a common superscript letter differ significantly at

P < 0.05; those with the same letter do not differ significantly (P > 0.05).

3.4 1+ig

E—E WA O S SD RS 51D/ BN FI DI REREAS, 1R & i B 4 T
MExR, HPETHMERRT S5 THAEnRREE. AT Birffe 2k SD gl &2/
SO FNIhRERERS L], FRATTEESL T Erastin A1 SD+Fer-1 W50 . 756, AT A
[/ RBEATAT A ARl . 45 R B7, SD ZH AN Erastin 2H 19/ BRI H 2 [A] 2%
AN 8] TARCAZ 45245, RIR)EF & B B AR B i A & B R BT A
Iy EEEIBRAG . IXFR7x 2% SD M Erastin FUALEEIYRE 5] AL/ AN FIRERS . 45T SD /)
BANTE Fer-1 5, IR WAIBERGIL RS BA ANEE, Senilmlgob iR AR
S SD 7 FHICAZ %« HE— P IATKI SD 4 Erastin 2H/)> RS AN ] 7 [X ()
ot HE B — E R R, T SD+Fer-1 4L/ R ZR I H 5 06 FRZE AR AL 2R 1k
KR ET AR RT3 LFEEH TESME ST 2551 SD %%
etz B AR

W TR AT BT R &R, T Al 7 = KRR bR
iR BTN SD M Erastin ZH/N ST IR B2 T INE,  Ffdaill 282k
IEEE ML, [FIFE I 2 2 2R 07 1 8K Pt 8 2 v T R Ko X —
S5 RELHISNE SD HAM Erastin H 5[ il S ITTHIBRIET, 5T WSR2 R
8. B8, BATKIEME SD A Erastin FIALRE, 5l S4H4F Cleaved
caspase-3 Fl Bax &% [HZRIA MG AT Bel-2 £ A 1IFRIE K, KB S% SD Ml Erastin
Wi FAMRE T RIRE . AlRE, 412k SD /ANRIMNEMANE Fer-1 J5, H 40
FTKP32 2] 746 5RO RKIAIL, e b, FBWT REf i g e 41
Mg i AL AR BET, FBWT el NR4AT i SCD1 #43%, i fedtkstr-An
T (Yeetal,, 2021). thAHH LS HATIE RA R, —FiZKEEAES 1% NA LINC00618
TE—EFERE _E A T A8 TR 2R A M T2 (Wang etal., 2021b) . X 1] G2 KN4
MO AR AFAE 22 S T B . GBS sE R, WA N ENE SD se R P AEM4 ot
PALT AT R AL, M2 TR R A
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3.5 I©hgs

Sk SD [AIB T S A e AL T T2 A 2E, AT 51 RE A2 T i 25 R AN
BUAFI D RERRRS o« 10 Fer-1 AOAMFEUER] T ERSET- IR - & A2 .
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ENE WNEY-F-REERRARNE S EERRFEFAIA
IR 5% U4E

1. BERERENSHRERRINSMERIFTIES/ DR IAAEEERINNE
1EH

115|158

BL3E NBIE N A SIE S e R vE UM G, BAE4EE . 40T . R
3B o IX LETAE MRV T LT SAE A B BRI T AR SR, Hodh B il i B v (R
WATEREIRE) AR T N A 0 R 2 BEAN A R o HRAhih, IEH AR
FIREA R B ERATIA 1-1.5 A7, BEMAEEETE 10440, ZMFERLAZAN
R4 10 £ (Needham et al., 2020). Ji&KHIEL, XSO PR TG 22 a)
ST RISV R R ROV EWARRAT, CITNRITEL RS %12 RS
PEALSCRE . IEFAEBDIRE TN, MEAME T MR E E 2N RENKE, B EL
B R B DA AR = ) S5 e e o R fE £ R DhRe, TE s — B iE A=Y k. i
TAE R T I IR B A A AR B AR 1A A £, T JBREN . B ORI Sk B A BR (1 K &
25T, XSG SRR GRS E3R . R, B A at 15 ERIBRES )58 X
B, TREE B AR fEEE (Jameson etal., 2020). “fiZEWnfE-g il - K Wi 48 1 2 ¥
KN RGNS, S0V R 40 B A KT8] (R X e Va8, FEE4ERE s B
WiE . XA RAEY) RAMFRS T R OCHE B, XY B R A E
LA 015 T AR, @iy, (MR 24 (Morais etal., 2021), H
AR Y E N E W E 50 T, a5 &ML Bl EEZ A . i
BB AR = Bk B T AR ARG SO B DL L W3 b R 4 oy
W NIEYERNR, S I E W BER S, P2 AR VE 2 0 N AR 35 B0 o AR = n
e b, BREEWE. W&, IREMEITER. ARG E (SCFAs) %25 (Needham et
al., 2020). 7E—IUEFFCH, KRR AMIENE T BN 28 K, /N ERICHIARERAT R . 35 Ik
/b (Schroeder etal., 2007) . /MR BT A T 1 G2 A2 2 AL P-4 T A E AR E =
IR R 4 B K JR ¥ SCFAs 1697 GF /NPT DK E /N R 4EM T S A1 ZhBE (Erny et
al., 2015), {AfFEENE, MRS WIERAES UG, I H Ok i IR A 2 2 B3 %
Wi 7 3 Al 2 W LRI R R A G (Lietal., 2018). Mel (& RFT ARG G ER, I
HAEHRE Mel B2 HIAEH THEME, S5HEENE, WEPRK AR .

B A YR B I B - B A R AR I D RE AT N . FEEBE (FMT) 22—k igiE
WA — DN N RN 7 — A AR R R e e 2R 1 B i g s 17— ANk k
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FERITIAEPHE, AT AT UG B Sl A= 0 5 4 32 TR DR SR % & it 58 0 R HHE T
FMT 7£ N R ST H ()8 R B sZ 0, TR XA AT 48 . K% 1700 45,
HERIESE T RN ZERIRGT B B H IS W A ME L. 5K, £ 17 Ha,
BRAR Ao T8 B B P S A A 87735 (Brandtetal., 2012). 1958
IR CERICE, FMT 697 AR 4515 4 (Eiseman et al., 1958). MARHKS
&, FMT FARKEIHIG T MG AR ZE AT B4 (CDD B 25 i) M [E 44 . 2 T
LRI, FMT R DAFERE & AT MR A, QFEFEEREAT . FAERGEROIN RN 6547
&N T, X R IE AR T AR RS AT RN SR B L R ER o EJETE
FWAZRBYh, IWALE FMT WY@ w A P4 = GRS s IR KRAD 76
752, SR IS FHARAZR ZE 50 1] 1l ) B B IR B 22 R IR E B LK (Ooijevaar et al., 2019).
ISP WA TR AR I e A, R AR IS, (T 58
HAE R ER. SMtR A EARPIAERAES, AEFREY, W (A,
WHEPUERAGEE B A, TRRERBERR, MY E., BiER. T
. WM, BERMNEER. PUAERBITNE—RN 3 ~35 K. EERRE S,
WA IR N IEM R, RS ERDIRek e, s o R4, SeEshY)
PREE IS IS, 38 o 18 i P 52 BEME RN B i 23l (Jingetal., 2021). BbAk, %
/N BRI 2 TR R AR T I U T U S A T B I e A i A O B RS T A AR N BRI
A% 211812 (D'Amato et al., 2020). M tHAHF 78 &K I AD FRU/N R I S AR e R
Wi 1E 5 /I BRI RN DI R T 70N B2 53 A o i TE Sl A= M0 A B ek 5 i 1 T AR S TR ) 5%
B (Dodiya et al., 2022).

AT /B 7 R 30 Mel Bec3E Stk SD 75 3 A KIRESS , 11 Mel tHRESE MR Ltk
SD %3 i B i AL, Xatib 15 iR, B M rTRE/r 3 7 Mel X 2 SD
FHFHHEB RS EA . JE T RATES FMT 5%, R miEw#EfE S SD
F Mel Z [ FI1EH -

1.2 RIS HE
1.2.1 iR I R0 b T8

4 110 K SPF ) 8 B MEE/N R (ICR, 4E@A1%, Jbn0) WIET 20 MRE
(4 R/58), WER21£1°C, XN 50+ 10%, JEREHIEAYERE G 14:10 (BER
B 7:00 FFAR4E ). ANRATHBRESYOK. FrAf/NRIEEN — 2 5, BLsE
S RBEARH A Z AR . AR IE S N =41: CON. SD 5 SD+Mel (20 mg/kg) =41
INER, B 10 RO 2R EE), SD 5k K Mel HIVEST & & 7 A .
ZARNRILS VUL #2532 CON 4/ FMT fI/NE. (CON-FMT). %52 SD 4/ i
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FAEMM AN (SD-FMT). #25 SD+Mel 21/ R ZE LA /N B, (SD+Mel-FMT)
52 BRI /NS (V-EMT), #4120 Ho

RIS 45 5 (1 5 _E 8:00, Wk CON. SD 5 SD+Mel =4/ it 350 T I
v, SCRIRTEE PBS (1 288k/mD) Wikk. B 2&E7E L PBS H1IR14) 15 min, #%
£1J5, 1000 rpm, 4C &L 5 mine =IFLE 8000 rpm, 4°CE.Lr 5 min, 3R EHE,
PBS 13 2 K. KARBIRE 40% 6w HM ARG 229K E 20%, -80°CLRfFEE
A

%FF CON-FMT. SD-FMT. SD+Mel-FMT 5 V-EMT PU4L/NER, 7E& N HA4E
G, Jelid POKIESE 10 RG T/ANRPUERAE, PIARIEN: 1gkg W FHHER.
100 mg/kg R KE R, 0.5 g/kg FrE &R, 0.5 gkg B RS 10 mgk MAHER. £
AR SE R R R | 8:00 45 &S24/ UE B 25K (100 mg/mL).

VUL 524/ N (3t 32 D FEHMT IS < J5 AT AT 2= R, B S 12 1E
IS I/ B BIA T & B[R] BEBS AL K- P 62 )a, faill/ BRAE B AR R R E R
(Bt ) A 2 R E A SRR R

T B 36 B 1 4455 B v [ AR M R 2 AR MV ST WA ) s A AR 4 2 55 1R 56
SR EEAE AR (LHESCS A CAU20170911-2).

1.2.2 i3 w4 R0 BN

(1) 34T 10d JLAREEE AR, REHSMEHTHFE LT TR, Hlbr
HARN B & S PIA 5 460, M To /N R,

(2) 48 RARHATAT Al /N RAE SRS M A5 S T 5 F 8:00 #EATHUM, R
F 1% 3% B LG Z A O B /N BREEAT BRI, 7 BIEEAT /N RIS o . R4 6 R
/IR R 4% 22 T F S [ 5 T e SR VA . R ZH AR 4% 6 WU/ RVERCHS XU
R, SR BN R EGE G 2 /N P62 22-80 C UKAE T e e AL A . ELISA . qRT-
PCR F A1 Western blot £, YRR /N REE A A AP F T 16S tRNA =il &4
R X o VI-V9 XD FIEFEAR ARSI

123 FEEHFNEE

FHIKIEE (XR-XM101, R, $HED. Y BE (XR-XY1032, Lk
W, FED. B (XR-XM101, E#giEk, FED. SuperMaze 047 24040
MRS (XR-Xmaze, EHERE, FED. AT A HL (LEICA, RM2235 B, f#[E),
AV LAAREL (BM-VD., Y622 B8 (Olympus, BX51 %, HA)., KGRERS
(Olympus, DP72 Y, HA) HHEXTEF (101-A, I HAOCHEITES
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FED. sl G RE 0P (TGl6-WS, WX, i), %t & PCR X (Light Cycler
® 480, Roche Applied Science, f [, I = id B 0L (5248 &Y, Eppendorf, #EE ).
Y B OAL (Mini-6K, HIM BEERAERA IR AR, HiMD. BFri (BLO-RAD, 550 1Y,
FED. kA RSREmEE - RERAR, B, ALK (JXFSTPRP-24,
B EI R EAERAR, L), BAGKTERIE (101-A, JbHiK SRS AL
sl EDL ALK EAX (ALCBIO, i),

1.2.4 R824 5 AR 57

BCA & jill& (CW0014, RAMLZEVREARAR, L7 2 %L E 2N
W 1 %P RER BRER 2 M KARR . JEERR . A5 5% %K (Santa Cruz
Biotechnology, Delaware Ave., USA). K K% 2 (Sigma-Aldrich, St. Louis, MO, USA).
B & (Sigma-Aldrich, St. Louis, MO, USA). Ji 5% % (Hexal, Germany). 4% %
(Sigma-Aldrich, St. Louis, MO, USA). HH . E#f DNA #£HUA7& (MoBio, 12988-
10,54 ). TNF-o. IL-6. IL-4 Al IL-10 ELISA jfl& (SEA097Mu. SEAS563Mu.
C90033Mu 1 SEA056Mu, i =5 FEH KA R AR, D). BEBREER
(M5250;sigma) WAKF AL ERIR 75 AHE « SRR K 43 23 - TRNzol Reagent TRIzon
A RNA R0 (CWO0580A, FENHZZAYHARFRAR, TH). REFRAE
(Thermo Fisher Scientific, Boston, USA). %/ Cleaved caspase-3 % wfEPiik
(ab32042, abcam, £ [H). i/ Bax £ wEPIA (ab32503, abcam, EE ). H#Pt
/IR Bel-2 (ab32124, abcam, 3 [ED. Hbi/MR Ibal HrafEPiiA (abl178846, abcam, 3
ED. Gy GPX4 ZmfEdifk (ab125066, abcam). RIT/NE B-actin, 1IEHT R
IgG (CWO156S, RNt AR ARAR, LHO. BTk (hEFF)D. BCA
HHERERME (CW0014). RIPA K (CW2333). H HBEFIHIH (CW2200).
SDS-PAG EHEZEMR (CW0027). SDS-PAGE Loading Buffer (5X) (CW0027), )
W F VLI R YRR R AR L ILEPiR 1gG (CWO0156S, R AR,
HIRAF], LHD,

1.2.5 EN F S5
1.2.5.1 iR FE

PEN T O RIUNREE RN S DNA, A ERE K597 56 s
A Barcode Hf5 514, it PCR § AW = Maifth . € &M — I Bl 7
S (SMRT Bell), SRR SCERAT RSN, 45k &% 0 H PacBio Sequel #4T
MF . PacBio Sequel ~HLEHE A bam #% 3, i@ 1T smrtlink 73 #r 4F T H CCS X, R
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AR A Rre SRV A0 R S IR 8 6 3 (1B o 1
1% Barcode F@ IR AN [FIAF b AT YA FFFe 10 fastq A 2UHHE -

1252 5RO hiRiE

HARTRALEE: F PacBio NALEME S H v CCS X (CCS [F4I4fiH Pacbio $&fit
(1) smrtlink THIRPO J5, FEHFWT 3 P
(1) CCS iR%: fH lima v1.7.0 B4F, i2H barcode Hi%iRA] CCS, RJ53kE
Raw-CCS 75154 ;
(2) CCS id¥E: M cutadapt 1.9.1 BAF XSRS 34T 51 0 2 51081, IF
HTKEREE, B2AEE5ITFE Clean-CCS J741;
(3) &I ERER: i UCHIME v4.2 B, Kk &0k e 5474 e 3 L 5,
581 Effective-CCS 741

ﬁﬁﬁ#@ﬁ — »
O

B somsernss D

Heatmap
%’}*m%% ~ PCAPCOA
UPGMA

hannon-indexH

OTU-VennE NMDS

RDA/CCA

Lefse
Metastats

1.2.5.3 IS
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(1 0 i vP AL RSB BORE i 7 S0 H BEAT G, R E PR B
B EE G AR RSN BT, FoIRKESE S

(2) OTU/ASV 7p#fr: OTU Blp3&tfE#ion, 2 NSRRI R G R LSRR —
MorRETE G, M, J&, 4% BE R G ARAEF LK B 751
HE4T OUT B3 #r. 1A Usearch Hf4%) Reads 1E 97.0% P AHALEE K- Rt 47 F 2K
13 OTU.

(3) MR R o 2Rz b A FAR 3 DL 0 2885 45 EE XS B 7 VR R AL
FIVHEAT 93 R VTR, 28RN SILVA, R 515 H BRI IF KGR, RIEHE
ANFEREERIRE T RS A48 (phylum, class, order, family, genus,
species), FiEIT QIIME B4 #r 2 F 0 2K-F ERIWIM=EER, HAH RIES L
B2 SRR il & 0 277K T HURE IS S50 I

(4) o ZFEMEHT: o ZFEIE SR BANRE IR 2 R 2 e, B 2 T
i $84¥5: Chaol. Ace. Shannon. Simpson. Coverage. PD whole tree. Chaol I Ace
TR R S IR P = BRI 2 et . S YA E R R R # & ) £ /> . Shannon
A Simpson FEEUH T RSV - A 591k . SHAbEGTH TS SR, HAUE S,
VA S e b e ) M 3 8 v, T VA N0 ) PRI R A AR o 2R B S AR Tl e 45
FIETT RENS S A A A AR WD LS L

(5) B ZFEME M. AHH] QUIME B AFdtAT B ZREVE DT, LUBCA [ A A2 Fi
Z R DT AR FIAR R E o B 2 FEYE S0 #T 2 2K H binary jaccard S5 TH A & 18] 1)
PR T SRAF A AS (0] B BB o R 90 PR 3 % 4 S0 RF B2 B B T B A O R IR 2R
(UPGMA) #f. NMDS 73#r. # i REIKIE Sk PCAL. PCoA ¥ CHZMALERD.
BT 2 TR B B4 2 1B 45

(6) ALIA)ZE FRam T e : A A ZHIR) 0 22 57t 2 2 PR 0 i - HRAN R A TR BT ¢

1147 % % 1Y) Biomarker;
1.2.6 KSHINEF IR
1.2.6.1 # AR E

BE Y OSEN Wy T

(1) FEAMBITIALEE: T 50T G
(2) FREBEE EHMRE;

(3) 08 5 1 00 55 05 1 25 BRI 5
(4) BFe. EHL. R,
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R ARk 2 2 i U0 A et 7 S 2 U S BRI 25 8 5 A T o 18
1.2.6.2 Bt E&E

FEZFEAR 1290 F8 =y S0BAH BAS HEFE ) AR EE T R AL BB A S H0dAT 707 i
F €384 Waters [ UPLC BEH Amide, HMF A 1.7 pmx2.1x100 mm. AB 5600
Triple TOF Jii i AT DAZE 35 6 #4F Analyst TF 1.7, AB Sciex #2# N 3T IDA Thfi
IT— RS RSB R &N B REIEA T, 7 R Ao HoOR T
100 B4 3 T REX B s f s . S&idifeiE: 30eV, 15 5K 40k K% 50
ms. ESI B FIRSEHW N R E: ZFHSE GlHBRER 60 Psi; ISR AN 35
Psi; i®AEA 6500C; W% LN IERS FHL 5000 V B BT HEX -4000 V.

R
SEMES X)) ERER

M G e

IniELL

HTF Gt DT IE

BER

= - —= PCA ™
¢ AR L E OPLS-DA
2 s 2 = LS~
lIii' Geitar Giit ot 8

A A 2 AR
£

8 SR 7 A AL EE 23 b

AR UHE B
B IRFE b
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e SN A B ATAT S SO (A 0 7R D B S M NI 2 78 5 DA R R ) A
1.2.63 RiIEE

I ProteoWizard B fFHEAF 2 1015 R G #54k k mzXML #3028 )5 FIH
XCMS J7 A5 R B3 B[R] R4 1E L DGR A1) DGR FR I D RR 73 L ) 555555 T4E , % minfrac
W90, cutoff WN 0.6 HRJE M Wi T 7 20 B s dh A7 TiAb 2 .

(1) EEXEA Peak #HATIE—1d )8, (ORAFELAZE K T BEE T 50%800T A 4H
AL T 50% U T AR 54 -

(2) FEAEPIE TR R A6 50 R AE, AT AN BUE B B 5 e/ IME
S P

(3) PReEALALEE . FIFEEAMEE DS FI (total ion current, TIC, HIEE &, PN BT
A Pea MUETHFZ A1) #EATIH—1L.

1.2.6.4 #IEITAL

(1) Eoratr (PCA)

FE 53 #M1 (Principal Component Analysis, PCA) f&— i i [ 4 A Bk — LX)
HUE BRI NPT, BARAE KRB AR 2 FR b PR 4E T 40 B0 LA AH B ST
H A& F AR AR 05 BT 25 S48 0s I — Fh 2 e G vh I i . 1@k 3 sy 73 dr
PR ER A RS, BN R AR TR BRI 3 847

(2) Z 5o 1 IEA W s /> — 3 #0773 #r COPLS-DA)

RO 88 A s 4E CRHAREIR R 2D, e Rl A B (2> ) 1)
Rk, fEXA RS 50 R EMHRHNEREE, WS KEBAM A ] §EfF
FERIRHI T Z A . X PEAR A I PCA A4 E PLS B AT 04, T4
KA RN, 2R e B H 2 M b, JeikdAT T AR S 8295
o

(3) Z AUk

XA A RO 2 R A5 H AR P BN OPLS-DA FERY ) VIP i AH

4G BT ORI 2 R A, TR RIPRHEDN FC > 2. Pvalue <0.01 AT VIP> 1.
(4) 2= 7AW KEGG DifeiE R & 4L

KEGG (Kyoto Encyclopedia of Genes and Genomes) A BT 50 &0 R . Kk
R ULSARCE & B N — AR AT T . SR e SEAR EHAT L, BEER
AU BB DR, AMUBEHE T B A P R ARE @A, T ELAHEE A 20 BB (1) ikt
ITT EHEER, UE5HRIERFS. PDB FEREHESES, S TEMENARE S
fr AR 288 L 9 )1 TR
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1.2.7 EEH/KRE

B P BRR S R A T 2.2.4,

(1) fEIERNH— i J5, FMT 156 2 5k BT A 24N BREEAT 7Kk 57 38 B I 25 3
JREAT B 1 — BN BT IREG . S T RS RO RIS 45 R s, AR T
A ZINR AR B AT AN S (g JE (1 /N BROEEAT #E— 20 0T 92

(2) EAHAT RIS R RS 2 J5 BT A 2 /N7 N 5 d B AT 5,
f HU/NRAE 1 d RS TRI N EAT 4 RNZR, RO 1T AR, ARIE A AKIGF AR AT
W /N BRBON by H R THT gt B, 3B /N BRTE N KB 31K K 5 o i) UG i i 36 (1) 1%
%o /N 60s BIRTAIFHRIRECE &, U/ FHREPE S E R AT 15s, #/h
BAE 60 s MIRTRINEAIREITESG, N TLEHGIREFENMEHILHEFG HIER
15 s BT [A]

(3) FEHRERRLE: BT IRERRE, BKEE TR G /%, AE
P R PR A 2R 0 S BRI /N BUBON K R, 1838 60 s PN/ BR 250 H B 5 R A TR BRI/
H b G PR 452 B3 B ] o X0 e 2 75 B R 1 [F) — B [R) R AR [R] R SE 25 1F T JEAT o A I
HULEREE RS (XR-XM101; LA EFEEHEREARAFD.

128Y %5
I IR IA 5 8 5 2.2.5,
1.2.9 ELISA JUEM3% 7 NE. CORT # Mel & E
WP R R S & A 17 2.1.2.6.
1.2.10 FALLFRE
REPREE _ZE="232.6, BRIV Ibal MFFFIRER 1:1000,
1.2.11 Western blot iR 56

RNIGEAEFRZE =555 —15, %&Pi/D R Cleaved caspase-3. Bax. Bcl-2 fl GPX4 £
SLREHUARIKEES Y 1:1000, B-actin £ b FEHUAA K E Y 1:8000. Western blot LA B-actin
NNZ, HREE AN RIEE N H K E K F/B-actin & HIKF

1.2.12 A LIEFRRIE N

RGP IR [F] 58 = F 55 — 1 3.1.2.7, A AS [F] A #E 40 ) GSH-PX.CAT.SOD.GPX4.
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T-AOC F1 MDA 7/K°F-.

1.2.13 ELISA MEEDRAEMAEF (IL-6. TNF-a. 1L-4 F1IL-10) HE=
PR RES — =7 2.3.2. 7,

1.2.14 BESH

i i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States) i
ITEAE AT H R N PIE EhRER (SEMD, 4RI Z 7 R AR E T Z 87 (one-
way ANOVA) F Tukey ()% B LW AT 70 8. PAE <0.05 WAHF SRR L.

134K
1.3.1 XEBEARZ A NRIESEBNEY o ZHMES B ZHEMAISIT

NI FMT 2SR5 7 iEw#E, AT 248N R 4T T 16S tDNA
I, LT EMT AFE 5 (A B 20 R k. =4/NRILIRTE 21 MEEA (n=7), WIF
A VI-V9 16S IRNA FE[K K, CON-FMT 4. SD-FMT Z1f1 SD+Mel-FMT ZH )&
GETEESY )N 91308+ 91002 AT 90919, CON-FMT 4. SD-FMT ZH il SD+Mel-FMT 41
15 78824 77428 Fil 77628 NI UEIETEEL . o ZAEMERBL T IS 24
P E A 2R . (H 2 =M HZH 1Y) Chao. Shannon. ACE A1 Simpson $8457C i
ZA84E (P >0.05, & 4-1 B-C). #H] Bray-Curtis FA8Fr0 4T (PCoA) #E—E 1P 1
EVIREE R B-2FEE, DA AR VDR VA AR AR o 45 SR R R - 2R 2 R PR S 4 S
(K] 4-1J-L), EeJr PC1.PC2.PC3 HAE 72 7374 17.96%- 15.50%-9.66%( Adonis,
P=0.001,R2=0.379).
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& 5] ¥ (] E

. =z u -. - " -

- ™ .'I'u ) | - 5, A - i - o 'I
ol S i 8 X e S &3 5
1. f0h e I T R b i N v gy 3 ! |

e -

: Ly ] i rl:, ] =t L ; | j N l
| N .I. 5 f .

= I I b | : - - lI|

f
¥ il | |

4-1 EERBEZ P PDREHAER o ZHEMS p SHMHNTL
(A) OTU HEMGTiH45 R, (B) Chaol ##(, (C) Shannon #5%, (D) ACE #i#%, (E)

Simpson (&, (F) Ffh4. (G WEiths, (H) OTU #kihiZk, (1) BRFEEMZL, (O *
W40 (PCA), (KD PCoA iF4rKl, (L) JEFMpiEi44) OTU ¥ binary jaccard i 25 &1 3E
JERZYERERE (NMDS) 740K, CON-FMT: 5% CON 41 FMT HI/Nik; SD-FMT: 5%

SD 41 FMT fJ/Nik; SD+Mel-FMT: %% SD+Mel 41 FMT /i 45 L, Mean + SEM #

N, WAME EFRFRMEZE R RE (P<0.05); FFEHHZERLSIIIER L (P = 0.05),

Fig. 4-1 Changes of a diversity and B diversity of colonic microflora in mice receiving fecal bacteria

transplantation.

(A) Statistical results of OTU quantity, (B) Chaol Index Simpson index, (C) Shannon's index, (D) ACE
index, (E) Simpson index, (F) Shannon index diagram, (G) Generate dilution curve, (H) OTU grade
curve, (I) and rank abundance curve, (J) Principal component analysis (PCA), (K) Principal Coordinate
analysis (PCoA), (L) and nonmetric multidimensional scaling (NMDS). CON-FMT: receiving CON
group FMT mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group
FMT mice. The result represents the mean =+ standard error of the mean. Values not sharing a common
superscript letter differ significantly at P < 0.05; those with the same letter do not differ significantly (P
>0.05).
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AR K S e SVMEE (R IR SR R S SRR 8 8 AU S 1
1.3.2 EEBEAEZ A/ RIEGEHEMARINEL

WA REME ST RN, CON-FMT I SD+Mel-FMT 4 P4 FITRAE )T B H 58 %
WA, M0 SD-FMT A NREVIK AT (K 4-2 A)o UPGMA BT 4h 3R
SD+Mel-FMT #i It SD-FMT 4 5% #%if CON-FMT 41, #E—BU1E T PCoA 455 (K
4-2 B-C). fEIT/KF L, EEERE] (Firmicutes). fA#F % ] (Bacteroidetes) Al
Verrucomicrobiota & i # B 42 B) . £ @ K ¥F £,
uncultured bacterium_f Muribaculaceae Lachnospiraceae NK4A136 group. B 5 2 [K
(Akkermansia) FIFLFFBE (Lactobacillus) RARAFERE (K 4-2 C).,

A 1 . H

|
]

|I rl
|
I

s o == ' o =|+
k=TT i

=

S-FRT i ——

- = e = =1
L = =

o S

4-2 ERBEZANREHAMEDEKTL
(A) FAMEREN T, (B) FARFRIRAEIME ST 7343 (UPGMAD 73 (FE1T/KF),
(O BARBLMERIEIBOSHE J77% (UPGMA) 434t (J&/KF). CON-FMT: #%3 CON 241 FMT
17N SD-FMT: 3% SD 41 FMT fI/NR; SD+Mel-FMT: %% SD+Mel 41 FMT fJ/Nl. &5
R Mean £ SEM /i, WAHME EArFREZEREE (P<0.05): FRFRHHAERTSHIT
#E S (P = 0.05).

Fig. 4-2 Changes of microbial composition in the colon of fecal bacteria transplant recipient mice.
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(A) Microbial aggregation analysis, (B) Unweighted pair-group method with arithmetic mean
(UPGMA) analysis (at the phylum level), (C) Unweighted pair-group method with arithmetic mean
(UPGMA) analysis (at the genus level), CON-FMT: receiving CON group FMT mice; SD-FMT:
receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice. The result
represents the mean =+ standard error of the mean. Values not sharing a common superscript letter differ

significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

1.3.3 EEBETEZENRIEEFER LefSe RERHME T

N T it — i€ CON-FMT. SD-FMT #l1 SD+Mel-FMT 2H [R5 e 4Hl i, Fe A3
i LDA F1 LEfSe K€ 2 ML L FAE. 5 CON-FMT 4141 SD+Mel-FMT 414
tt, SD-FMT ZH[#] Bacteroidota fll Proteobacteria 2{ & ¥ % (Bacteroidota, P = 0.046,
LDA ¥4 =4.39; Proteobacteria, P=0.012, LDA #¥%r=3.98). It4, FK 4-3 A
1, FRATTK I SD-FMT £H 1) Firmicutes [1JAHXS 328 B2 IK T CON-FMT 4171
SD+Mel-FMT 41 (P>0.05). #—25[¥) LEfSe 7014 h 64 M trEY) (LDA>
3, P<0.05). HH, Lachnospiraceae NK44136 group (P=0.041, LDA=4.55),
Eubacterium_xylanophilum_group (P=0.027, LDA=3.39), Ruminococcus 1 (P=
0.018, LDA=3.56) #1 A2 (P=0.001,LDA=3.64) [FIHIXIFFE{E SD-FMT 4101 &
fik-T- CON-FMT #1 SD + Mel-FMT 4 (] 4-3 G-1). 14k, SD-FMT 4 Turicimonas
FIARXTEE (P=0.035, LDA=3.12) B3 T CON-FMT M SD+Mel-FMT 4 (4]
4-3K), i CON-FMT 411l SD+Mel-FMT 412 [8] 2 7 LG 1H 2 X (P> 0.05).
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INEIFYNERNET S AEE AL N

1§ o

s b

& 4-3 HEEBEZHNREFRNERAETL

(A) ZHEEMAEBE T KRS EE, (B) =AM m i@ ACr s £4, (O K
FEAEH) 3 B8 (LEfSe) WA R4 A A 2 AR IE A 34T 82, (D-KD #R¥E

LefSe 4 B33 K EY#E+ p_Bacteroidota, p_Proteobacteria, ¢ Gammaproteobacteria,

g Lachnospiraceae NK4A4136, g Eubacterium_xylanophilum, g Ruminococcus 1, g A2 Fl
g Turicionas WX L . SREMEL T MFx-FEMEF H{E. CON-FMT: #:% CON 41 FMT
17N SD-FMT: %32 SD 41 FMT f1/NfR; SD+Mel-FMT: %% SD+Mel 41 FMT fJ/Nfl. &5
HRELMean = SEM iR, WHMFA LirFREZEREZE (P<0.05); FFRAZERITSIT

#E (P = 0.05).

Fig. 4-3 Changes of different bacteria in colon of fecal bacteria transplant recipient mice.
(A) Relative abundances of colonic microbiota at the phylum level in the three groups, (B) Relative
abundances of gut microbiota at the genus level in the three groups, (C) Linear discriminant analysis
effect size (LEfSe) was performed to identify the bacteria that are differentially represented between the

different groups.(D-K) Relative abundance of p_Bacteroidota, p_Proteobacteria,
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c¢_Gammaproteobacteria, g Lachnospiraceae_ NK44136, g Eubacterium_xylanophilum,

g Ruminococcus 1, g A2 and g_Turicionas in the colon microbiota based on the LefSe results. Solid
and dashed lines indicate the mean and median, respectively. CON-FMT: receiving CON group FMT
mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice.
The result represents the mean + standard error of the mean. Values not sharing a common superscript

letter differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

1.3.4 EEBEFEZH/NRIEEFR AR GER

Fis e T LLUE R = i gE . Rk, AT FMT 2248/ k4T T 4%
2R . AR RS A A 2260 MR . Venn B R, ANEKALFE
R EAFE AR (B 4-4 Ao PCA 7347 B & AL AE A = M 4 %
AR IEES, SD+Mel-FMT 415 CON-FMT 41f{)% & tL SD-FMT U5 i (&
4-4B)o N T —LIUEARIHAFEARZ AR 2SR, FATEH OPLS-DA k5ilix—H
Pro S5REW, OPLS-DA FEAIRRRLLTF o B = ANAbFH . Tl OPLS-DA #2Y [] Ji1
wEZHUEN[R2X (cum) =0.587, R2Y (cum) =0.474], fitness [Q2 (cum) =
0.273], FRHHRIEA RIFHE MMM (K 4-4 C-D). MIWGAIFEE, Kl
KB 2 BRI 8 ETHAI R RS (P<0.05, |log2FC|>1) (K 4-4E-G). 5
CON-FMT 4AHtL, SD-FMT HA 547 MR- Hkis B, 15 MRS RIE T
. SR, 5 SD-FMT ZHAHEL, SD+Mel-EMT 414 574 MRsssm, 26 MLsH
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M 3 L n

E MR ] R I_' NPT WS ED Rl =TT l:l AT PR s T

4-4 EFRBEZNREBARGIER S
(A) Venn 73#T, (B) TR bt (PCA), (C) %5 4r I A fe /> — ik F 50 50 #r
(OPLS-DA), (D) OPLS-DA AR, (E) CON-FMT & SD-FMT 4Rk 1L i,
(F) CON-EMT 5 SD+Mel-FMT AR KL, (G) SD-FMT 55 SD+Mel-FMT £ {14
PrkiliEl. CON-FMT: #%% CON 4 FMT fJ/Nil; SD-FMT: %52 SD H FMT fI/h s
SD+Mel-FMT: % SD+Mel 41 FMT [)/N . 452REL Mean &+ SEM &oR, BCA MR _EbryBE
FEZREE (P<0.05); RTRHHAZERLGUFEL (P = 0.05).

Fig. 4-4 Analysis of metabolite composition in the colon of fecal bacteria transplant recipient mice.
(A) Venn analysis, (B) Principal component analysis (PCA), (C) Orthogonal partial least-squares
discriminant analysis (OPLS-DA), (D) OPLS-DA validation plot, (E) Metabolite volcanic maps of
CON-FMT and SD-FMT formations, (F) Metabolite volcanic map of CON-FMT and SD+Mel-FMT
formations, (G) Metabolite volcanic map of SD-FMT and SD+Mel-FMT groups. CON-FMT: receiving
CON group FMT mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel
group FMT mice. The result represents the mean + standard error of the mean. Values not sharing a
common superscript letter differ significantly at P < 0.05; those with the same letter do not differ

significantly (P > 0.05).

1.3.5 EEBETERZENREEHEREFREHIER

Ak, AR T =4 41 DN EERKFIMEY). 5 SD-FMT 4LAH L,
SD+Mel-FMT 4.1 T8 (P=0.03) Al L-A& R (P=0.02) &&=EFEHM. AT
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FMT 1) KEGG 2 #7Fl, (F) CON-FMT 4 SD-FMT 41#J KEGG 44, CON-FMT: %%
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MHERLS IR (P = 0.05),

Fig. 4-5 Analysis of differential metabolites in colon of fecal bacteria transplant recipient mice.
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" (A) Heat produced by 41 metabolites with the most significant changes after FMT, (B) KEGG analysis
diagram of CON-FMT and SD-FMT groups, (C) KEGG analysis diagram of CON-FMT and SD+ Mel-
FMT groups, (D) KEGG analysis diagram of SD-FMT and SD+ Mel-FMT groups. CON-FMT:
receiving CON group FMT mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving

SD+Mel group FMT mice. The result represents the mean + standard error of the mean. Values not
sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

1.2.6 fUEZRMA/NE AR AERIF N

N T LS I SRR AR /N BAT N AN D RE RN, BATIR A P 5 A 2/ ik
BUFEIR /N AR AR I H K, TR SR TE R /N AR . FE3ESE 10 d IPTAE s AL 2R
JrE IR RIME SR, SRE R, SXIRAMLL, PUAREAC B/ RS 40 T T
& NEE Gl A v SRR 14 T VR R [CFUTIN &, P < 0.05) 03X — 45 SRR W] il 2l
PRI/ (18] 4-6 A-B).

A CON Abs B

g .

ol e

[ 4-6 FuE LIRS LEE ALY E S AR B ALY ST
(A) CON ZHA1 Abx ZH/NRIEER FRAME K, (B) CON ZHAI Abx ZH /)N R SEAH RURL ) T v T2 1
Bf7[CFU]. CON: XfH&ZH; Abs: PiEZRALFEA. 5% Pl Mean + SEM IR, %A MIA Lix
TRHNEZEREE (P<0.05); FATFHAEREGITFENL (P = 005,
Fig. 4-6 Effect of antibiotic treatment on colony forming units of fecal particles.
(A) Fecal culture bacteria diagram of mice in CON and Abx groups, (B) Colony forming units of feces
particles in CON and Abx groups [CFU]. CON: control group, Abs: antibiotic treatment group. The
result represents the mean + standard error of the mean. Values not sharing a common superscript letter

differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

1.2.7 FMT ZARIAFAThBERIES 1L
N TR Mel X} SD 75 S e 2545 P & AR 9 4E F 2 B BRI s i, F471
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¥ CON. SD ZHH1 SD+Mel 20 i) S0 b A A8 2 izl B BEAR R /N B rp (23 10d /Y
PUERTALHD, F2k2 FH (Bl 4-7A). ITHFGERER, £V EHFER (B 4-7B),
SD-FMT 4/ §R Bk & BT AR A RIS BE 25 Lk CON-FMT 4175 115.8% (P=0.002, K&
4-7D) F1143.3% (P=0.002, E 4-7B). M4/ AIEEERA REZR (K 4-
TE). ML FER (K 4-7C), SD-FMT 4/ %56k H br 5 R I BRTE B bR 2R
{E B IR CON-FMT 418 2 F#1IK 55.2% (P=0.005, & 4-7G) F136.4% (P=0.01,
K 4-7H). b4k, SD+Mel-FMT 415 CON-FMT 2 [A| 8 &% . 15 SD-FMT
H/NERAHEL, SD+Mel-FMT /NI AR5 SD AR AR F0in (B 4-7
B-H).
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FMT: g, 45800 Mean = SEM FoR, WAMFE EARFEHEZEREZE (P<0.05);
AR Z R LS IR (P = 0.05),
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Fig. 4-7 The gut microbiota mediated the neuroprotective effect of Mel in spatial memory impairment
induced by acute SD.

(A) Schematic illustration of experimental design, (B) Track plot of spatial memory test (with hidden
platform), (C) Track plot of spatial memory test(without hidden platform), (D) Latency to reach the
platform, (E) Path length to reach the platform. (F) Path efficiency to reach the platform, (G) Time spent
in the target zone, (H) Number of entries into the target zone. CON-FMT: receiving CON group FMT
mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice; V-
FMT: vehicle group. The result represents the mean + standard error of the mean. Values not sharing a
common superscript letter differ significantly at P < 0.05; those with the same letter do not differ

significantly (P > 0.05).

[FIRE A, FRATEASI 7 /N AR LA A2/ /1. Y R EL R ER, 5 CON-FMT
HAHLL, SD-FMT A1)/ R B H &S EAT N H 73 R PRI 22.7% (P<0.001), FH
SD-FMT #H/N SRR B 9 TARiCAZ 451455 . AR1fT, 5 SD-FMT A, SD+Mel-FMT 41
(/8 BRIF AR R I I8 05, H B R ASEAT N E 43 LUAERXT T SD-FMT 43 1
22.7% (P=0.004).
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4-8 BRHIEEBENT S Mel 321 SD 5IEAEHTIEIRIZRGARIRERIFER
(A) CON-FMT 4 #42&; (B) SD-FMT Hg42Kl; (C) SD+Mel-FMT Hg42Kl; (D) V-
FMT 7K (B) HERAZXETNE . CON-FMT: 3% CON 41 FMT [J/hi; SD-FMT:
5% SD 4 FMT [I/NiR; SD+Mel-FMT: #52 SD+Mel 41 FMT [I/NR; V-FMT: BRATI. 45
HRELMean = SEM IR, WHME LirrREZEREZE (P<0.05); FFRAZERICS T
#E S (P = 0.05).
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Fig. 4-8 The gut microbiota mediated the neuroprotective effect of Mel in short-working memory

impairment induced by acute SD.

(A) Track plot of CON-FMT group, (B) Track plot of SD-FMT group, (C) Track plot of SD+Mel-FMT
group, (D) Track plot of V-FMT group. CON-FMT: receiving CON group FMT mice; SD-FMT:
receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice; V-FMT: vehicle
group. The result represents the mean + standard error of the mean. Values not sharing a common
superscript letter differ significantly at P < 0.05; those with the same letter do not differ significantly (P
>0.05).

1.2.8 FMT AR M HEKFERT{L
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RIEA BB ? ELISA RIE4E R 278, CON-FMT, SD-FMT. SD+Mel-FMT
AN V-FMT A2 1A B E KA 2 5. [FIRER, 3R Mel FI7KSPAE % 2H AT
B R (P>0.05). X — 45 BAR R SRS HE B3R IF A 51 /N BRI RO L
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4-9 FEREBELEEZHRMBHRKEHTL
(A) NE, (B) CORT, (C) Mel. CON-FMT: #%% CON 4 FMT fJ/INil; SD-FMT: #% SD
41 FMT fI/NfR; SD+Mel-FMT: $:5% SD+Mel 41 FMT [J/Nil; V-EMT: EgIEF 4. 4558 0L
Mean + SEM /R, WHME MR ZRMEZEREE (P<0.05); FFRHHZERTLGH R L
(P = 0.05),

Fig. 4-9 Changes of plasma hormone levels in FMT Receptor mice.
(A) NE, (B) CORT, (C) Mel. CON-FMT: receiving CON group FMT mice; SD-FMT: receiving SD
group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice; V-FMT: vehicle group. The
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result represents the mean + standard error of the mean. Values not sharing a common superscript letter

differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

1.2.9 FMT ZARE S HE TEIE TR T

WIEFE#E T 7 2 SD I SHd i, XANEREERAEYITNSS? Hit
TATRI T ZRAREIA G FE AR, 25 R B A AL ERZH 1)/ BRI D2k 1 R R IR
ROEM, NHEEEZT SD HHBEI/NR, AR S SM SD /N RAHLIT
WA O T ERRE T (K 4-10 A-D). BB E AL B ER, =Mk
BEA (Tfrl, Dmtl fl Fpn) {EAHEMREKAEENZR (P>0.05, Kl 4-10E-
G)o L g5 R U2 SD SR AE /N BRI H I ic 2 B R, WREH AR T
PR TCRRBET G L -
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(A FELEREERELSREFERNE . A Image] MELE F YL ta8s R T . 2hEg

TR AR (LR 50 um), (B) #5 CAL X, (C) 5 CA3 X, (D) Y
DG X, (E-F) #9HLA R8s ®E A T, Dmtl 1 Fpn if] mRNA H%+ ik 7K F. CON-

FMT: % CON 1 FMT fJ/Ni; SD-FMT: #%% SD 4 FMT /Ml SD+Mel-FMT: %%

SD+Mel 41 FMT [)/Ni; V-FMT: BHAFIZL. 45810 Mean £ SEM For, AT MF_Ebn 76
FEZREE (P<0.05); RTFRHAZERLGFEL (P = 0.05).
Fig. 4-10 Effect of FMT on ferroptosis in hippocampal neurons of mice (Iron metabolism).
(A) Micrographs depict iron labeling in mouse hippocampal sections. The iron-staining results were

processed using ImagelJ. Iron deposits were observed as red granules. Bar = 50 pm, (B) hippocampal
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CAL1 areas, (C) hippocampal CA3 areas, (D) hippocampal DG areas, (E-F) Relative mRNA levels of

iron transporter proteins 7frl, Dmtl and Fpn in the hippocampus. CON-FMT: receiving CON group
FMT mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT
mice; V-FMT: vehicle group. The result represents the mean + standard error of the mean. Values not
sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

P IATR I T HE A AH S HB AR, ABEZ, 5 CON-FMT 4 AHLL, SD-FMT
/N S S I BTUEAL EE AL T AL K GSH-PX. CAT. SOD. GPX4 fll T-AOC &%
TFET 61.6% (P=0.004). 63.8% (P=0.03). 49.9% (P<0.001). 32.0% (P<0.001)
M1'56.3% (P=0.014), 11 MDA W& &2 TS T 33.9% (P=0.03). 1M#%3 SD+Mel-
FMT ZE R RS 1 1)/ RO A R I A8t (P> 0.05), BAAKIINYE SD-FMT 4
tb, ¥ RP e EE RS BT AL K GSH-PX. CAT. SOD. GPX4 Al T-AOC .3 TF
T 78.7% (P>0.05). 211.3% (P=0.009). 101.4% (P<0.001). 69.1% (P<0.001)
F1189.8% (P=0.047), ifii MDA W& & EE M T 38% (P=0.001). Ll 55 KM
SD 53 () 2L B HE RE RS 1) 32 ARAR 33 S A 451407, (HL IR ANFE IR 3244/ B S5 BRAR T KF
PRORERAET AT AE I A2 SD-FMT 2H/)8 B R BACAZ 45045 1 R AL
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4-11 HEEBENNFIEDMAITHRE TR (BERMAED
(A) GSH-PX, (B) CAT, (C) SOD, (D) GPX4, (E) T-AOC, (F) MDA. CON-FMT: #
5% CON 4 FMT [f/Mil: SD-FMT: #2% SD 2 FMT IJ/Mil; SD+Mel-FMT: #%Z SD+Mel 41
FMT HJ/NER: V-EMT: B4, 25900 Mean = SEM %R, AR AR BEHE 2 5 2
% (P<0.05); FA7TRAZERESHTFEEL (P = 0.05).
Fig. 4-11 Effect of FMT on ferroptosis in hippocampal neurons of mice (lipid metabolism).

(A) GSH-PX, (B) CAT, (C) SOD, (D) GPX4. (E) T-AOC, (F) MDA. CON-FMT: receiving CON group
FMT mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT
mice; V-FMT: vehicle group. The result represents the mean + standard error of the mean. Values not
sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

1.2.10 FMT 28R DA RIER MY 1L

Ibal /MR s HA =Gt B IR, SXTIRZHAHLEL, #:52 SD W fetE
/NS CAl. CA3 F1 DG [XH Ibal FHIEAHAER IOD {43738 51.9% (P <
0.001) ,27.6% (P=0.01) 132.3% (P=0.002). %A1, #5% SD+Mel & FH 1]/
i CAl. CA3 f1 DG X Tbal FHPEZHAEMT TOD {H%: SD-FMT ZHFEK T 28.9 %

(P=0.001) ,26.0% (P=0.002) f131.5% (P=0.001). #3 CON Fl4%% SD+Mel
PR/ NRIEH BN/ NRZ R A S22 (P>0.05). DL EZ5REH SD /M
FE{H B B RE RS 51 AT 2 AR/ SR By /N IR BT A ML) v A, T Mel AREEE (1) SD /N BRI
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FEIE AN AR NI A R (K 4-12 A-B).

WK 4-12 C-F iR, 458 %E P15 CON-FMT #tt, SD-FMT 41/ iU 2 42 4 A
F IL-6 55 TNF-a 7K PR3 EFT 36.5% (P=0.03) f147.2% (P=0.01), T4
K7 IL-4 5 IL-10 (7K P20 BIBRK T 44.0% (P=0.04) F135.5% (P<0.001). it
FHEE, #2352 SD+Mel FE B A K/ B 5 L 2% R I S8 e 40 I IR 1 1 2R A7 . i
I MRS SD-FMT 41AHEL, SD+Mel-FMT 41 B4 U 4 H 1 IL-6 5 TNF-o [k
FRERIKT 20.1% (P=0.01) F128.2% (P=0.03), TPtk KT IL-4 5 IL-10 f/K
FEZEBINT 100.2 % (P =0.03) f131.3 % (P=0.000). Pl ESETRERE, B2 Mel
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4-12 FEEBEXN/NRIEDME R AENIFMN
(A) AFAIAL R/ N AT Thal Ze R (BB 50 umd, (B) ¥ CAL, CA3
A DG [X Ibal FHPEARMIA IOD fE, (C-D) ¥ HHL KA M 5 KI7KF (TNF-a. IL-6. IL-4
FIIL-100. CON-FMT: #% CON 41 FMT [I/Ni; SD-FMT: #Z SD 241 FMT I/ s
SD+Mel-FMT: #%%% SD+Mel 41 FMT /M il; V-FMT: BRAFIZL. 458 Mean + SEM £
N, WAME EFRFRMEZE R RE (P<0.05); FFRHAZERTSHIIER L (P = 0.05),
Fig. 4-12 Effect of FMT on neuroinflammation in hippocampus of mice.
(A) Images of the Ibal-stained hippocampal microglia in the different experimental groups. Bar = 50
um. (B) IOD of Ibal-positive cells in the hippocampal CA1, CA3 and DG region. (C-F) The levels of
cytokines (TNF-q, IL-6, IL-4 and IL-10) in the hippocampus. CON-FMT: receiving CON group FMT
mice; SD-FMT: receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice; V-
FMT: vehicle group. The result represents the mean + standard error of the mean. Values not sharing a
common superscript letter differ significantly at P < 0.05; those with the same letter do not differ

significantly (P > 0.05).
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1.2.11 FMT 2 RESHZ TRATHT
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4-13 ERBEX/NRESHZTTATHIFMN

(A) Western blot & FEIIZEE], (B) L Bel-2 AR EEKT, (C) i 5HLH Bax

IR B E K, (D) #E 440 Cleaved caspase-3 HIAX & /K F. CON-FMT: #5% CON
4 FMT /MR SD-FMT: #:5Z SD 41 FMT /MR SD+Mel-FMT: 5% SD+Mel 41 FMT ]
PAMean + SEM /R, WAME EARFREZERREE (P<
0.05); [FFEHAZER LSRR (P = 0.05),

Fig. 4-13 Effect of FMT on apoptosis in hippocampal neurons of mice.

/NER; VEEMT: BRVEFIH . 45

(A) Western blotting of apoptosis-related proteins expression, (B) Relative protein levels of Bel-2 in the

hippocampus, (C) Relative protein levels of Bax in the hippocampus, (D) Relative protein levels of

Cleaved caspase-3 in the hippocampus. CON-FMT: receiving CON group FMT mice; SD-FMT:

receiving SD group FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice; V-FMT: vehicle
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superscript letter differ significantly at P < 0.05; those with the same letter do not differ significantly (P
>0.05).

1.4 g

FPE SD M\ g — R S AR 2 AN R RO . RATRTHIRIAT R R 8, AME
PE Mel 7] LIA 20z 2tk SD &R ARG (Wangetal., 2021a). [FIN, FRATIEMN
K E AN SD 5T Wi Sl 2E W o RN i BR B4 473, b 78 Mel mT 22 iR A 1k (Gao
etal., 20190, BRI Z MBFTERM, A RIHESE SD 7S M A D) REFE AT 1K
JMLE PR E EER (Wang et al., 2021a). Kk, FATES FMT B8, 3t— B IGE
W& AEYIE B SD SLEFICIZI M h IER . RATHPUEZRATE/NR, PLHFER
R M TE R, 8T 5 S E AN R 2 A . 4% CON 41, SD ZH A SD+Mel ZH /)8 i () 3%
EMBE B Z AN BN . RATKIL, BA“SD A e i 2 44/ BRAERE
- I AR A B AR B R N, RN B AR X & A [al9s b, KRB EE SD 5l i
(OB AE A R R P DAAR A RS . S5 ERATH R IARRL, $25Z PD /) RU%IE /N B
R B B ThRER IS AUZ AT . thAh, TEZAR/ N SN RN 2] 2 B RE &
JGIIBET. (Zhaoetal.,2021). {HA R Z, SD+Mel 1 M 152 M4/ R %H K
R AN AN Th REREAS , X3 IRAIE T Mel 7] LA A SD % S0 il B RE R 47, 4
35 I PR T T8 B B S R E /N BRI 2 Th e . X SR g ISR, T Sl e M 1 AR AL
A=A A SERER R v LAE I . SV SD & —Fh IR, S5l M N =
AT TERAE SD /N ZF I Sic iz ik e, s w R ATE T S1E
FHIE & NCRAE TAER o« BATTRIAS R ZH 1) 52 4/ N BRI I 2% B 22 (CORT F NE)
B RERZA, T Mel AESARPBEA ZR . XKML FMT dfEd, 7
B 51 R B R

E—mRERRHME T R R T/NEIAFI DR RRERG, IR AT R RS
HHrpWg? ATRI, 7E SD-FMT F1 SD+Mel-FMT /N5 H# D 41 27 35y R W 22 3k
BERETHER, R EO AR HEILFPRES, Xatigr st SD /MAAEHER
J T8 TR A A 2 5] R 4 e R AR T T 3 B R D RE RS, 1T e HAh4H BT
TS H5H A NRBTAREE ] S E RORE RN, G T E R T RE
fEh5 (Socodato et al., 2020). FATVKI, 32 T “SD FAEMIHE 1244/ BRAE 5
FILH Toal BHPE /N 40 M A BB 0 o /I8 5 S5 400 A 2 9 B 8 R o ) S e 4T e
TERNE SR W R FECHEAE T, 7042 BRIV LA AF T A2 o 2 ThREAUA RT3 1 1
TR RIS S SORE I FR R, 2 98 40 B DR 1 BB T 5 BT R /)N ot 4 i
S AR o /N D40 B SR PT DA B B2 T I, AEt AT DAY w4 ffa PR 755
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RIEN FEZIIAED (Lietal., 2020b). FATTAI SD-FMT 5244/ il 5 44 21 TNF-o,
AIL-6 KR T . H—2 ok, RETEAREHEEM, HEEARE
ek o B fm, DA AR & S AU TONRHIE M iR A R A AR ik . HIRATI &S
AL, M AR RS E AL IEH /DR, RRE IS TLR4/MydS8 {55818, ¥
TEPRE SO RN, 3 2R/ BRAT NI (Zhao et al., 2021). DL ES5RFRIH M
SD 7B R AR, 8T 512K B S & SRR TR R A2, AT B4
TR EER, AR T AR/ R A RN T RERRRG .

1.5 IhNgg

P2 A SD /IR TE RS AR A S AR SRR U H 45 B T e AR A 2L, FUASR IINEL
o VR AR = P08 T 2 28 T PR ARG 2 B sl , AR I B DU SR B /N R o 4 it 5
EA, M SORERAT A, I BT R E R, BB T /N R
IWFIIIRERRNG . %5 SD+Mel FETHA ISR/ RIFARRILH LML SD /)
o

2. Aeromonas X549 LPS 5/\IR R E1EAEHREHNZ =S IERR R
ZIFES/IMBOIANFERS ST HIIER

2.1 31§

FE s Sl IR R AZ I S B T A o3 il AR AR e AR NS 5 0 TR 15 B
Gh, TAEYIA B B — S s RE S 5 I e Rl A b . RATTHIA F Bon B2 2t SD
WA TSR R T pTE W R AR, FERICNEILH] (Proteobacteria)
MAHME (deromonas) WIAHXTFERERZE FiH. ZFEMESFEEERLD, UREIZRE
(Lachnospiraceae_ NK4A4136_group> AN FEEEEZE TR, /£ UC 5 CD B+ )E
] (Proteobacteria) HIAHXF-ERE i, X —45REHAILET (Proteobacteria)
MERZS T4 REES G RENERE (Matijasic et al., 2016) . 2FJE 5[]
(Proteobacteria), 75 K 22 H5 1) 55 22 TRBA PR 11, CAH T = B2 IR 15 e 40 i 38 48 i 1)
Pri&iZz— (Dickeretal., 2021). LPS &34 % FCRA M4 B BB i) £ B4y, Reig 5l ihipia
RNE, ERGIES S RIERMN . HEHERTE 5K GIE 250 2175 02 28 20 M K1 0RE
B, i IL-1B+ IL-6 Al TNF-o, M AR, WA INEAES], XL 1] fe 2>
FEAE R FIIESNG B (Agirmanetal., 2021). B2 R R I TR SCRTER 43 A 45 51
HRS N, Bl B A RS I SR RE A 5 B K B S5 A AN D RE . R A T E 4 iR
AL, AS[R] 20 LAE THI XS i 1 30 2 A8 A IR BBURS B 2 AN TR ) o — TR 50 R RS 1B 70N B
APTA AL F /N BT R S AT S R R, e I A L) ke R R R 2 R R
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2 LR P A P SRR, A3 A A ST RN IR TR AR, TR 3R B /N s T 4
il fie % B0 RO ) B SZ B I B R AR AL, ELRREE X BRI ALAE IS (Chu et
al., 2021) /N2 T AN B2 KR A I A G e A A, LT SORE AR DG 23 7 B s B A
JRE . RIETEN R B AR R AR, EE AN EIThRESZ A, T LPS a2
SR HRE I AN . HEANURRY LPS R @ (4R 48 X 7 ] DARISR - R 5
EHz, $15F GVB F BBB (M5, miE @@ Mg sl , n b X e R 4057
(IRBIR, PR IRE 3 B 3RS AR BT Mo S 0T, IR R0 0 S 5 4t PR R e e 42
RIEFEML TIHIE (Carloni etal., 2021). FLFATIEN, LPS vJRE/E N AN SD M55
T RN FAAEIThRERIB, 10 AT BRI R A A D A ) R

TLR RS REIZ R B ieE BEZNEN, 22 53R Rk —REEEN
oy, Hod TLR4 FE R T8 AR BIHUA B 28 e 5 R BL. 78R4 £ F 42 48 1
AR o NIRRT TLRA A & oiE 1, TLRA £ R MRS T IS,
2 MyDS88 JE 3l i NF-xB 8 MAPK/ERK 15 5% Si84%, BIGHSEH, A%
[Al-¥ TNF-o IL-1B. IL-6 K&, KIERA JIBRIEA (Weietal,, 20200, 7EMH4
BT, FMT K RIEMS S s 2 /N, LPS il % TLR4/MyD88/NF-kB 15
SR, SECT/NRAT NER (Zhaoetal., 2021). FATHIWFFUESL &t SD g 5]
FHEE JERE IR AR, FIIHA /INI 0T 240 B R 0 A 48 DR~ O 0 o W1 9 i LR IR AS 2 A
HEM S TR BE 0% 51 2T B /) B 5 /)N ol 48 ()35 % i B R 28 9 RE S B, ML) 2
LPS 5 TLR4 32K 454, W0l T NF-xB 3B, & FET /RN BIIAE 3545 (Wang
etal.,2021a). (HHANERE, £ SD AT, /Mo 40 M FI# 28 76 2 TR D% 5 DL &
Mel 7EH AR HERIVER -

K, FATECAH K20 SD FAELF FMT R4 F, 57 TR ME deromonas
veronii JERIRIGA LPS WIALS, AT SD BB R AMEME Mel BT, /MK
JRAN IR TG 2 (R E R

22 MRISEE
2.2.1 RIEEHHIHIRL IR

A 140 A 8 R HENE/N (ICR, 4EIEAE, JER0  WHIRT 35 MRE (4 HY
5D, W 21+ 1°C, AHXHREE )Y 50 £10%, JeIEHIEE A HmE L 14:10 CBER 14 7:00
THEZE . NRATHBHRESTOK. IrER/NREEN — A2 G, BEILSES N 74
HIFHT 2 MRI: (1) Aeromonas veronii (A.veronii) EMIALK: CON (X4 );
Aero (A.veronii EHHA) 5 A-Mel (4.veronii EAE+Mel T4 ); (2) LPS AbH KL
LPS ¥ N4 (LPS) LPS A fii-+4E B T4 (LPS+Mel) . LPS 7N M+ TAK-242(TLR4
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FEPIRD T4 (LPS+TAK-242) S5FEEFIXT R4 (COND. Jirf /N Bo&E M. —
(1) Aeromonas veronii E IR : Aero ZHF1 A+Mel 4/ 4A T &Pk 2 H
K (5 FMT 244N AERIEIT 80 10d. FiAERLH)E, Aero 5 A+Mel W2
INERAER F 8 SIENE B S T & 4H 103CFU ) A.veronii 1] 0.1 mL ] PBS VAW, 7Rt
BAE L hoar, W REREES ST A+Mel 41/ 20 mg/kg ) Mel.
(2) LPS AR 56: ¥ LPS T DMSO JFACE N 2 mg/kg [MKSEE; TAK-242
(TLR4 #Pi7)) BLE R 150 mgkg MEWKE. EMNHE R G, LPS+Mel 5
LPS+TAK-242 4/NRAEF | 7:00 3% 4L 3 d 73 7 IS 5 Mel (20 mg/kg) 5 TAK-242
(150 mg/kg). 1 h ZJ5, LPS. LPS+Mel 5 LPS+TAK-24 4 /)N i 435l G i 5F LPS
(2 mg/kg).

2.2.2 RIE BB

A.veronii FEFHRIGLFN LPS ARG o AR BEATAT A8 W (1) /I8 BRAE AR50 45 R
G, TIRHE L 8:00 #ATHUM « R 1% S B L 2280 ot & K /N R T IRIE,  JF
SERIEEAT /N RIS SALSE . B 6 HUNR IR 4% 2 KPR 2. FIHAME R 6 R
/N R R 5y, ST R TN VR BH R e /N IS PR AR R 4280 "CUKAEH T+ ELISA. gRT-
PCR. Western blot FHT AR EAGI o

223 FEMMEEE

% 65 B PCR 1 (LightCycler®480, RocheAppliedScience, % [E ). i & &
0L (5248 2, Eppendorf, fE[ED. fAYELLHL (Mini-6K, BN BEERAIRA A,
BUMD KA ASREmESERARA T, Eifg) . HHSHHL (JXFSTPRP-24,
R ERN R BERAR, B, BRETEME (101-A, JbRiH A6 EIT X
87, RED. AT AHL (LEICA, RM2235 B, #ED . AW LHHL (BM-VD,
N WS (Olympus, BX51 8, HAD, EBRE RS (Olympus, DP72 Y, HAD,
g & B0 (TG16-WS, WAL, WiF). Bgtr{ (BLO-RAD, 550 A, &, —
AMBRIETRAE (MCO-17AC, =&, HA). @ LIS (E/RIERBRHE THEAITA
HRAFD %%,

224 ISR

DMEM (SH30023.01B, HyClone, db%0). AZ-ILIE (11012-8611, Wil KAtk
Y BRI AR AT, WL, HEEERREAW 100x (P1400, JbZEERHLA R
AF, AEED ESTR [gG (CWO0156S, FENHL AR AR AR, ILH) 0.25%
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Trypsin (T1350, JbEKEEFHCAR AR, J65). TRNzol Reagent TRIzon &t RNA
SR (CWO0580A, BN LAY ARAR AR, 175, 2 xFast gPCR Mix (SYBR
Green D (TSE202, JbniBEREENVAEMEARAIR AR, b5 BARZky ChEFHD.
BCA i H & &7 (CW0014) . RIPA K (CW2333). £ H B4 751 (CW2200)
SDS-PAGE FHEZ2 M (CW0027) T3 A « ShFRFRE 70 (il G 9k Crb AR
AL S AL VB RAC O BEBR N (1 R (CWO116S, FENHLAMRHA R AR, LI,
2 %G EL ELZ BN 0.05 M TBS LPS A5 & (JL20691, TS EN = b))
LPS (27840; Sigma, St. Louis, MO)+ Aeromonas veronii (CVCC3700) (27840; Sigma,
St. Louis, MO). Mel (M5250; Sigma, St. Louis, MO, 3E[E ). H# DNA £ HUA5 &

(MoBio, 12988-10, £[&). TNF-a. IL-6. IL-4 1 IL-10 ELISA &7 & (SCA133Mu.
SEA563Mu. C90033Mu HiI SEA056Mu, X =FEERARA R AR, PO Rt/
Ibal #57 [f%H1K (ab178846, abcam, 35[E). Hii/N B-actin BATEFEHTA. %l TLR4
% ilEDIE (ab13556, abcam, £ ED | i/ HDAC3 % v fEPiik (ab32369, abcam,
EED. PR p-P65 HTEHEN A (ab76302, abcam, ZEE ). i p-IkB B oaFEHT
& (ab133462, abcam, £[E). TAK-242 (TLR4 [{J#% P17, Beyotime, China). PDTC

(NF-«B [(J$5#17); MCE, New Jersey, USA). ITSA-1 (HDAC3 HJ#zh5; MCE,
New Jersey, USA). AZD3965 (MCTI fJ#i#71; MCE, New Jersey, USA)

225 HEHKRE

A.veronii TE LRI AL A B H/KE BRGNS FMT X5 AHR, 7R RS R )5
BEATAT USRI iy LPS A B A6 4H ) 52 B WK Rk B Al 5 2k SD e Ar A, #2
LPS AL BT e #E4T 0] 5 d MAT NS4SR, 2R M T 3d i LPS 403, HHE AT
oI . AT N S IR IR 5 5 — A AL

22.6 RIFHELHNFESLRE
NI IR A S8 B =1 3.2.7. P/ Ibal BIFRE LA 2 1:1000.
2.2.7 Western blot

RIGERIERI S =5 H—7, #Pi/NR TLR4. HDAC3. p-IkB. p-P65 il Cleaved
caspase-3 [FPUIARMKEHLN 1:1000, B-actin 2 wEHUARIKSE Y 1:8000. Western blot
DL B-actin N2, HIWE A AN RIE RN H 1 H/KF/B-actin & HKF

2.2.8 qRT-PCR
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RIGP IR A 2 — 1.2.8. S5MNAYIH Aderomonas ] mRNA FHX & &
IR . Aeromonas W) _F N5 9 N: AGAGTTTGATCCTGGCTCAG 5
GGCTACCTTGTTACGACTT.

2.2.9 ELISA MEE D RIEMPEEF (TNF-a, IL-6 IL-4 F11L-10) HEE
I IR IA 5 38 =15 3.2.8,

22,10 ELISA MEES LPS B &

22.10.1 fREMBHRES M

PRl & B 0.5 mL BARE AR ISR HE S o, B RAEHIRS, i
R A A v B R BE A 1000 ng/mL. 14 5 A~ 1.5 mL B EP &, A4 EP &
600 uL FIbRAE SRR, KK 3 #1000 ng/mL, 333.33 ng/mL, 111.11 ng/mL,
37.04 ng/mL, 12.35 ng/mL, s (0 ng/mL) HEENTHL.

2.2.10.2 IS

(1) FESINEE: —dLk 8 = JAGMFL, BFEArEFL. RSl =afl. ¥
IR H I kR UE S INNFL T . 4 A FLIN 25 pL FRuE S FREORL KRR IIRE SN AR
L, SRJESERIAEASFLA I 25 L BRI TAR A, BRI HIES), fEttd
FE bk i ) e AR, a5 BRSO 37 °C IRA N IFE 1 hs

(2) WAL R T

(3) BCHRI TAEM B, SNEWHIAFLA, 0 B, 37 °C HAEAME 30
min;

(4) FERALNWBE, BT, ik 5k, kAP ER 2.

(5) FEFLINEYIAEW S0 uL, FEFsiIN BB, 75 37°C RPN B (R [E
EHITE 10~20 min, A 30 mine ML 5 = AMbrifESLHEBUH B IR,
BT =LA B, Bpafs 1k B ).,

(6) BL&ILE 25 pL INNFLN, ZIbN, BRI G i it . % IRFE S
FERIIT DN A AR I G 42 St ah il HIR 5T .

(7) 455 5 B FHBEARAAELE 450 nm KB & FLEDOEEE (OD ).

(8) HlAbFE: FIFAFRUESS SHEAH OD HAE B SRR E . bRk S
W NP ALKR, OD N ALFR G AR 28 43 A, & FE 51 OD HARNZ
A, FHFEMPIREE, AR, W DIRBE, 15500 9 SEPrRik BE .

135



AR A 2 R S SEVUEE frlc i b 8 R TR S 2 BRI SR <5355 3 (KA RN e o (1 1

2.2.11 4HRELESR

22.11.1 ZmAE%k
NEVINER A BV2, AT

22.11.2 {RREH

(1) MIBZE PR A (R 4 L DR B 37 BRIREE 37 °C AR P 58 3ly, (s
=R REaY

(2) KETFa 4N 4 mL &0, FE DSRS0 E O,
1000 rpm, 4 °C, 5 min,

(3) KU 10 cm KB IR MU IR B I35 5 BIA000, MR FRIAIIA 10 mL {56 4555
Frks, BB AN EIERERE, HE SRR AR E R, ZERENE
MW T BT, FEAG G WA 31 R IR I o 76 S A I8 % 9 I ) 240 i
e SIATER TR I, S ORI A B B A i B K. JR TN 37 °C,
5% COx F5 7R FI 5 5¢

2.2.11.3 ZHREfEIR

(1) 20557 36 h~48 h J5, fr4iu# LA 3] 80% /517 135 7%,

(2) FNEEEA M 2> A RS, ENSEEAS, RS IR R e W T 40 i T sk
MK, AT EER .

(3) BBWERETE B, B 2~3 ml 5538 B R0 W T 40 Th v T 40

(4) RSN, UCEEMMESFERE, 900 rpm &0 3~5 min, FF EiF;

(5) e et R maEA M, WA BHREEF A

(6) FMEERFEFRIL, WIG IR R TR # B R

2.2.11.4 “ARETE

HERRIRAS L FF LRI AT IR A7, B 03RS A YTE 5, NI & I PR A7 TR
B2 E BN KA BRI N QML GRS s IR E R AT GG
&, JN-80 °C VKA, 5 RN AIRAE -

AR HI EL B . 92%FBS+8%DMSO.

2.2.11.5 ‘AR EFNIE T

(1) KB A 4 I e B85 34T A0 H 85 70 3K 6 R 40 23 Sl B 1< 10°
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AN/mL A5 x 10°4/mL 1% RS IR 2 96 FLARAT 12 FLARH o X PR FLAR 148 M i2E 47
43#H: CON 4. LPS 41. LPS+Mel 4. LPS+Mel+TAK-242 2H. LPS+Mel+AZD3965

(MCT1 #0151 4. LPS+Mel+ITSA-1 (HDAC3 ##h57)) 41 LPS+Mel+PDTC (NF-
kB P 4.

(2) F457 Bt I & AR MRS 240 Th 55 9% 6 h, R 58 2 U BE 5 {34 175,
o B [P SEARFA R SRR R0, PRSI EE TR AR TR R

(3) 12 h J&, [ LPS+Mel+TAK-242 #H. LPS+Mel+ AZD3965 4H. LPS+Mel+
ITSA-1 ZHA1 LPS+Mel+PDTC 40 A 10 mM TAK-242, 2 uM AZD3965. 5 uM
ITSA-1 #1 5 nM PDTC, B 5 0124 J5 i 20 B st N 85 748 H 44 22355 7% 30 min.

(4) ¥53% 30 min J5, LPS+Mel 1. LPS+Mel+TAK-242 1. LPS+Mel+ AZD3965
4. LPS+Mel+ITSA-1 4181 LPS+Mel+PDTC ZHfI NN 2 uM Mel, [ J5 ¥ N 24 o 1) 48
RN $5 2 56 P 4k 4255 7% 30 min.

(5) }57% 30 min 5, CON 41, LPS 41. LPS+Mel 41. LPS+Mel+TAK-242 4.
LPS+Mel+AZD3965 4. LPS+Mel+ ITSA-1 4l LPS+Mel+PDTC HAHMEMA 1 uM
LPS, [E} A CON A4 N % &) DMSO, & hn2s J5 it 4 i N 5 95 b 4k &5
%

(6) #3% 12h Ja, MIEEFRFATHCGHAIM, 96 FLAR A T ROS &l 5 MTT
ARSI 12 FLAR 40 i B R J5 34T ROS ¢ Y646 . Western blot. PréE b 7K
SEREI S qRT-PCR iR 56 A5 o

22.11.6 EZHEFRE

WA 4y LA R 4H: CON 4H. LPS 4. LPS+Mel #4. LPS+Mel+TAK-242 41,
LPS+Mel+AZD3965 24H. LPS+Mel+ ITSA-1 211 LPS+Mel+PDTC 4. #5254 12
h G, WERHAMMRE FIEHY R TRAE, HZIG IR 9% HT22 4/, FHRAR
EPRENSERET S

2.2.12 RS

{§i i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States) i
ITEAE AT H R N PE EhRHER (SEMD, 4IR1Z 7 R AR T Z 58T (one-
way ANOVA) 1 Tukey ()% B LW AT 70 8. PAE <0.05 WAHF SRR L.

23 R

2.3.1 2 SD & Mel Fixt/MNRED LPS S ERE N
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B D EATEI T 2 SD A Mel THEAL FMT A3 5 /N S LPS 195
. Bk, 2t SD AA SD-FMT 4L/ KN LPS B & EAHE T % H M0 R 2H
FETIHE 62.5% (P=0.002, ¥ 4-14B) f156.8% (P=0.014, K 4-14D), Ifi Mel HIF
TRLL RS 2 A A AR AR 1 kb od =i LPS & ek, AT B AH 5L
T CON-FMT 41, SD-FMT ZH Proteobacteria Fll deramonas HIFXTEEF 5 (K 4-14
A, C). A deramonas 5 LPS HI& & 2B FHIEMKE (K 4-14E). KILIRATHEN Stk
SD 1@t 175 3 Wil R B Aeramonas J I MUBERL 73 LPS 3111 51 AL/ BRI KN D) BEFRERS .

T p Proleshacier
i Al - H
L] "
;- i 2 —vJ-'—
E = £ =2
i I 3
i = 0 o
: m ==
__ T :I_ = S ]
Ml g Y I & ¢ &
CTIM-FRT SLLERII ROkl -FNT
L [3 E oo
) Es i 1 "
E
= L] el 1 15 "
. i 1 ,E b E !_,-"f’
o .,. o T o
3 ] - ‘; . i n .
1 - == e | 2 - A
[ ] Ie #:
i X *r— e &
I b . N
'!.F" "ﬁ"' ",F 5 .:'3: oy (X} [EL] IF 1 LE] L]
:,.ﬁ‘. & .P',r Ie3-\.!‘ & ca‘I?J L |

4-14 2f SD K Mel FFixt/NR38 5 LPS & RIS
(A) FERB AR/ R L Proteobacteria FIAEXS £, (B) CON. SD il SD+Mel 1 ™ LPS
P&, (C) MBI/ NREE M Aeramonas WIHHXTEREE, (D) FEEBMZA/NRIES LPS
&5, (E) Aeramonas F1LPS FIAHGIE. 455 LA Mean £ SEM Fox, WAHAMIE LFr7EEE
HZEREE (P<0.05); RFRAZRLERITFAEL (P = 0.05).
Fig. 4-14 The effects of acute SD and Mel intervention on LPS content in hippocampus of mice.

(A) The relative abundance of Proteobacteria in the colon of FMT recipient mice, (B) The content of
LPS in CON, SD and SD+Mel groups, (C) The relative abundance of Aeramonas in the colon of FMT
recipient mice, (D) The content of LPS in the hippocampus of FMT recipient mice, (E) Correlation
between Aeramonas and LPS, The result represents the mean =+ standard error of the mean., and there
was no significant difference between the values of the same superscript letters (P < 0.05). There was no

significant difference in the same letter group (P > 0.05).
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2.3.2 Mel i4Z 4. veronii TS| A/ FRINFITHRERERS

N T BAE Aeromonas AN =EFE ) FHE AR 2V SD Sz G IAER, FRAT
N T Averonii EFH/DNBRAET (K 4-15A). R E/R, S5XBAAMLE, Aero 4/ R
FA T A I R AN PE S A N T 72.3% (P < 0.001, & 4-15 D) 1 70.3% (P <
0.001, Kl 4-15E), TMAEH PR G R1% 8 IS (R A 2581 & s e 2 P28 T 42.2% (P
=0.001, K 4-15G) 1 57.7% (P=0.006, K 4-15H). X545 L A.veronii IfI5E
MG T/ RHEAZBE 13T . SR, 25T A.veronii 7EHE /N AN 78 20 mg/kg Mel
&, BERPAT NIRRT —EBRERIKE, BN, 5 Aero HAHEL, A+Mel 4/
B UK S 65 1A B TR) R 2 25 08 25 PR T 74.7% (P<0.001, ] 4-15D) 1 76% (P <0.001,
4-15E), Ti1E Hbr SR 15 B I AR 28 881 & (IR Z FRAK T 63.0% (P=0.003,
4-15 G) A1127.3% (P =0.01, K 4-15 H). X550 K Mel GEWELZE A veronii
E R 51 RS /N B BN D RERRAG
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A ] Iy 1l g 19
2 | L1 - il
I I | :
Salme Saltnm [ PSR [ hcnd puemal |
I .ﬁ.ll:lilill.ll-l:-l '.n'urwm.u "1\'I:I'l'l1_|:||-! calizeiinn
Auribistios Awremanir, el |_-:.'.l:|||g_-'l.'gj|
5] C _ .
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(FEI-T- B AL, (D) FNEF &R, (B BIL-FERBEKE, (F) 2lis¥a
RIEZ, (G) 7E HARR IR E K, (H) #EAHFRRERAIE. CON: XA Aero:
A.veronii FEHEM; A+Mel: A.veronii Efi+Mel T4, Z5HLL Mean + SEM FIiR, #HH
Al EAR - REZ R B (P<0.05); F7FRAERIESHH AR (P = 0.05).
Fig. 4-15 The effects of A. veronii colonization and Mel supplementation on the cognitive function of
mice.

(A) Experimental flow chart, (B) Track plot of spatial memory test(with hidden platform), (C) Track
plot of spatial memory test (without hidden platform), (D) Latency to reach the platform, (E) Path
length to reach the platform, (F) Path velocity to reach the platform, (G) Time spent in the target zone,
(H) Number of entries into the target zone. CON: control group, Aero: A.veronii colonization group,
A+ Mel: A.veronii colonization + melatonin. The result represents the mean + standard error of the

mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those with the

same letter do not differ significantly (P > 0.05).

2.3.3 Mel 2 4. veronii EIES|FEHY/NER I D RE RER M
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gER IR, A. veronii B G, SXTIRAAL, 5 CAl. CA3 1 DG X+ Ibal
BH P41 Y TOD {43 A3 0 23.1% (P = 0.017) , 23.9% (P = 0.026) f122.4% (P =
0.023). BRI A. veronii 7EFE/INRANTE Mel J&, Tbal FHA:4HM ) 10D 18 5 2 P T
16.1% (P=0.04) ,19.6% (P=0.024) 124.8% (P=0.003) (& 4-16 B), Mel #h7
HEMNBA LG ZER (P>0.05). BB, 5 CON ML, Aero ZH/N it 112
RIAT IL-6 5 TNF-o /K FEZE LT 69.4% (P <0.001, E 4-16 E) f125.0% (P
=0.045, E 4-16 D), TMHMA KT IL-4 5 IL-10 KK 4> BIFRAK T 65.5 % (P=0.002,
4-16F) F154.4% (P<0.001, K 4-16G). SR, 44T A. veronii 5EAH /AN 78 Mel
J&, PR SR MR R I R A B E . DA NS5 R IL [ ZR B Mel REf8 04035 4.
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4-16 A. veronii B Mel Xt /)N G D EZ KIERIFZMR
(A AN[FRTS A SN T AH M Toal Zeta R (HLBIRCY 50 pmd, (B) 5 CAlL, CA3
DG [X Tbal FHMELNAA IOD fEH, (C) # LPS K& &, (D-G) 45 AELN A T Ik
*F (TNF-o. IL-6. IL-4 F IL-10). CON: XfH&ZH; Aero: A.veronii EFEZH; A+Mel: A.veronii
SEfE+Mel T1H . 451 Mean = SEM i, WA ME EArFEEZEREE (P<0.05);
AR Z R LS R (P = 0.05),
Fig. 4-16 The effects of A. veronii colonization and Mel intervention on hippocampal

neuroinflammation in mice.
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(A) Images of the Ibal-stained hippocampal microglia in the different experimental groups. Bar = 50
um, (B) IOD of Ibal-positive cells in the hippocampal CA1, CA3 and DG region, (C) LPS contents in

hippocampus, (D-G) The levels of cytokines (TNF-q, IL-6, IL-4 and IL-10) in the hippocampus. CON:

control group, Aero: A.veronii colonization group, A+ Mel: A.veronii colonization + melatonin. The
result represents the mean + standard error of the mean. Values not sharing a common superscript letter

differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

2.3.4 Mel iU A. veronii FEIES|FR/NRIEDHE AT XLE

R, WAMRD T gD BN B B RN . 45 R EaR 5 R4,
A.veronii SEW S T ¥ TLR4. HDAC3. p-IkB Al p-P65 & AFRILAM EIF (K 4-17
A-D), AT E T 46.8% (P=0.005). 96.9% (P<0.001). 73.9% (P=0.005) #l 83.5%

(P=0.002), MAMHT-HE A Cleaved caspase-3 [(JERAXREBEETE T 54.8% (P=
0.004, &l 4-17E). A1, %57 A.veronii EAH/NRANA Mel JGii%s | Fid TR HERE
0L, BARRIUANS Aero 4LAIEL, A+Mel 40/ iiF & TLR4. HDAC3. p-IkB. p-P65
Fl Cleaved caspase-3 HIRIEE /T HIFMLT 34.3% (P =0.003). 46.3% (P < 0.001)
47.7% (P=0.002) 46.7% (P=0.002) F144.9% (P<0.001).
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4-17 A. veronii FEIE R Mel THx 85 ESBHKEBRIZNT
(A) TLR4 [FAEXTEREHK, (B) HDAC3 XTI EREH K, (C) p-IkB FIAHX & FHKF,
(D) p-P65 AHAXTEEH /K, (E) Cleaved caspase-3 HAHXT 2R H/KF-. CON: XfH&ZH; Aero:
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* A.veronii Wi A+Mel: A.veronii 5Effi+Mel FHill. 4HLL Mean + SEM %o, WHMA
EARF R EREE (P<0.05); FFRAERLSHEEL (P = 0.05).
Fig. 4-17 The effects of A. veronii colonization and Mel supplementation on the hippocampal signaling
pathway proteins.

(A) Relative protein levels of TLR4, (B) Relative protein levels of HDAC3, (C) Relative protein levels
of p-IkB, (D) Relative protein levels of p-P65, (E) Relative protein levels of Cleaved caspase-3. CON:
control group, Aero: A.veronii colonization group, A+ Mel: A.veronii colonization + melatonin. The
result represents the mean + standard error of the mean. Values not sharing a common superscript letter

differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

2.3.5 Mel 242 LPS S| /Y/NERIAENThBERSERS

BReE, WATRIA LPS AFEAAER T LPS R ERAENES S TH S Atk SD Xt
WHITHRERIBER (B 4-18 Ao SEXTRRZMLL, LPS 4/ R EEF & 1 A A EE
BEECEERIN T 230.3% (P <0.001, B 4-18 D) A1189.1% (P <0.001, & 4-18 E),
M AE H A5 G R4 B IS (B R 288 & U 25 PRI T 32.8% (P=0.04, K] 4-18G)
F153.6% (P =0.005, K& 4-18 H). %A1, %7 LPS AF/NRANE Mel 5, EIRAIAT
NBGERET — e RENIRE, BRR, 5 LPS AL, LPS+Mel /MR EIAFE
FEJ B ) 12 8 0 S 25 38 0 T 55.2% (P<0.001, P 4-18D) A151.1% (P=0.002, ¥ 4-
18E), IM7E H bR SR B4 (R IR [A) R 28 801 & IR 38 N T 82.3% (P=0.001, &
4-18G) 1 161.5% (P=0.001, K 4-18H). IMi%5F LPS /MM 78 TAK-242 (TLR4 #
PUAD JERIMHE S Mel UM SGEERUIR . X Eegh LRI Mel RS E LPS 2B 5|2
(1978 BRI R Th RE R
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4-18 LPS ALFR K Mel FFiixd /)N FRIA FATHRERD SR
(A REmEE, (B) FRNZMRPIEE (Bt E47E), (C) ZRHSAZ MR L K
(BEREEFE), (D) 2E-F & REEERY, (B) FAFErBeKE, (F) 2iEFEH
W, (G) £ HARXIAESR KIS A, (H) #EAHARXIA S CON: XL, LPS: LPS 4t
FE4L: LPS+Mel: LPS 403 +Mel F-7i4l: LPS+TAK-242: LPS 4 + TAK-242 F it &5
PAMean + SEM 7R, WAMEA AR FREZEREE (P<0.05); FYyRHAERLSH
BEX (P = 0.05).

Fig. 4-18 The effects of LPS treatment and Mel supplementation on the cognitive function of mice.
(A) Experimental flow chart, (B) Track plot of spatial memory test (with hidden platform), (C) Track
plot of spatial memory test (without hidden platform), (D) Latency to reach the platform, (E) Path
length to reach the platform, (F) Path velocity to reach the platform,, (G) Time spent in the target zone,
(H) Number of entries into the target zone. CON: control group, LPS: LPS group, LPS+ Mel: LPS +
melatonin, LPS+ TAK-242: LPS + TAK-242. The result represents the mean = standard error of the

mean. Values not sharing a common superscript letter differ significantly at P < 0.05; those with the

same letter do not differ significantly (P > 0.05).

2.3.6 Mel i4Z LPS 3| E//NRIEDHERIER N

ER IR, LPS b2 f5, SRR, 5 CAl. CA3 fl DG X H Ibal FH
PESRMLIR) TOD fH 23 B3 H0 29.5% (P = 0.001) , 34.5% (P = 0.001) F127.0 % (P =
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0.003). R4, LPS 4LFE/NERANFE Mel J&, Ibal BHIEZHARIY 10D {4 2 Z KT 19.8%
(P=10.027) ,14.7% (P=0.019) F114.4% (P=0.034), Mel #r702H 55F B TSt
HEER (P>0.05 (K 4-19A-B). B4, 5 CONAMLL, LPS ALBHL /N RS
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WE LT 42.0% (P<0.001, E4-19 E) fi154.4% (P=0.001, & 4-19 D), TM#I%
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4-19 LPS K Mel FFixt /iR i S 2 S AERI R0

(A AR AL /M A Tbal BetalE g CELBIRDY 50 pmd, (B) 5 CAL, CA3
1 DG [X Ibal PHPE4HAEM IOD fE, (C) 5 LPS & &, (D-G) A4S AEAIMAN T 17K

- (TNF-a. IL-6. IL-4 ATIL-10). CON: XfM41; LPS: LPS 4EE4]; LPS+Mel: LPS 47
+Mel T-T4l; LPS+TAK-242: LPS AbH + TAK-242 THidl. 44 Mean + SEM F£oR, ¥H

MR EbRFRIEZ R (P<0.05); FTFRHAERLLITFAEL (P = 0.05),
Fig. 4-19 The effects of LPS treatment and Mel supplementation on the hippocampal
neuroinflammation of mice.

(A) Images of the Ibal-stained hippocampal microglia in the different experimental groups. Bar = 50
um, (B) IOD of Ibal-positive cells in the hippocampal CA1, CA3 and DG region, (C) LPS contents in
hippocampus, (D-G) The levels of cytokines (TNF-q, IL-6, IL-4 and IL-10) in the hippocampus. CON:
control group, LPS: LPS group, LPS+ Mel: LPS + melatonin, LPS+ TAK-242: LPS + TAK-242. The
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result represents the mean + standard error of the mean. Values not sharing a common superscript letter

differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

2.3.7 Mel 24Z LPS 5|/ /NR I8 SE TR T RALH]

B, ARG T 51/ BN 4 ) BARHLE . 25 R Bon S04 AR L, LPS
AEFRE|E T ¥ D TLR4. HDAC3. p-IkB il p-P65 FEEAFIER LiH (B 4-20A-D), 4y
BT T 65.6% (P=0.001). 88.2% (P<0.001). 70.3% (P<0.001) F148.0% (P=
0.007), IAMET M Cleaved caspase-3 & AKX EZF = T 86.0% (P <0.001,
Kl 4-20E). 2811, #45F LPS AbF/NRANE Mel Jeiidk 7 LR E ARIRIEE . Mg
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4-20 LPS ALK Mel Tt MRS5S EERANSN
(A) TLR4 FIAHXTEE/KF, (B) HDAC3 HIAHXTEEFHKF, (C) p-IkB MMM & FKF,
(D) p-P65 KM E A K, (E) Cleaved caspase-3 HIAHXT & /K F-. CON: XfHE4L; LPS:
LPS 4b#E4H; LPS+Mel: LPS #b#i+Mel F7iZH; LPS+TAK-242: LPS 4b# + TAK-242 il
58 LL Mean £ SEM o, WAMFE LR FRREZEREE (P<0.05); FFHHAERLSH
#E S (P = 0.05).
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Fig. 4-20 The effects of LPS treatment and Mel supplementation on the hippocampal signaling pathway
proteins.
(A) Relative protein levels of TLR4, (B) Relative protein levels of HDAC3, (C) Relative protein levels
of p-IkB, (D) Relative protein levels of p-P65, (E) Relative protein levels of Cleaved caspase-3. CON:
control group, LPS: LPS group, LPS+ Mel: LPS + melatonin, LPS+ TAK-242: LPS + TAK-242. The
result represents the mean + standard error of the mean. Values not sharing a common superscript letter

differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

2.3.8 THERXZE LPS SI#2AY BV2 ARV EiRL

T HFFACE =4 LPS 8T FRTE Mel B0 2tk SD 5l Az pxig o /e
FATTH LPS B BV2 B E 508, FFAM T RRTHl (B 4-21 A). Wit g i
¥, LPS %52 T BV2 41 5% TNF-a (283.8%,P<0.001, F4-21B) 1 1L-6 (288.7%,
P<0.001, K] 4-21C) 43ih¥&im, IL-4 (57.8%,P=0.001, K 4-21 D) A11IL-10 (35.0%,
P<0.001, & 4-21 E) 73l teat, SxTRAAH L, LPS B35S BV2 4ifid HDAC3
HH (68.5%, P<0.001, B 4-21F). p-IkB &EH (51.4%,P=0.001, K 4-21G) F1 p-
P65 H 1 (98.7%, P <0.001, K 4-21 H) FIFIXRIEK TS teak, FRATRH/NE
5T 4 i S5 A B R SR PEAS T R N SR R B I AR R R 2 5 T A A I AT
¥ LPS 531 BV2 /N5 40 rh S2 B 25 AF 85 7R L VS N 21 HT22 diffarh . 45 R 8o,
LPS A 55 72 24 51 2 HT22 40fu B 2R T2, RIA Cleaved caspase-3 7KF- L iff

(42.9%, P = 0.002, & 4-21 Do 1T BRTAL P AT R I X 26 i fis 22 4 5] 2 1) 22
fbo M, £ TAK-242 6975, HATMEERE LPS 4AAHEL, HDAC3 HHH (27.2%,
P<0.001, & 4-21F). p-IxB & (33.2%, P=0.002, & 4-21G) Fl p-P65 (36.7%,P
=0.02, & 4-21 H) N, sbsh, AT KK, 5 LPS+T BREsALFEZHAHEL , AZD3965
A i LPS+ ] TRACFEZA 41 HDAC3 & (47.4%,P<0.001, & 4-21F). p-IxkB &HHA

(54.3%, P <0.001, K 4-21 G) F1 p-P65 (92.1%, P <0.001, K 4-21 H) HIFRILE. It
Ah, 5 LPS+ T ERZAFALL, ITSA-1 4bBE/5, FRATMERE] p-IkB £ (34.8%, P=0.04,
4-21G) il p-P65 (88.7%,P<0.001, & 4-21H) Fik Eifl, {HiXIARM HDAC3
HAMKIEKFE. M PDTC AP SGE SRS T R SR AL
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4-21 TEEXT LPS 558 BV2 {AEIE K E B RIS
(A) iR, (B) TNF-a, (C) IL-6, (D) IL-4, (E) IL-10, (F) HDAC3 HJFHXI &
H/KFE, (G) p-IkB FIAHXT & FKFE, (H) p-P65 KX & /K, (1) Cleaved caspase-3 HIAH

W K. TAK-242: TLR4 (5507, AZD3965: MCTI [R5, ITSA-1: HDAC3 [#)i

Z7l, PDTC: NF-xB [#EHii. 4548 Mean £ SEM %R, A HAIF FhrTBEO(E 2 7 0%
(P<0.05); FAFRHAZERLLIFEXL (P = 0.05),
Fig. 4-21 The effects of butyrate on LPS-induced pathway proteins in BV2 cells.

(A) Cell experiment model diagram, (B) TNF-a, (C) IL-6, (D) IL-4, (E) IL-10, (F) Relative protein
levels of HDACS3, (G) Relative protein levels of p-IkB, (H) Relative protein levels of p-P65, (1) Relative
protein levels of Cleaved caspase-3. TAK-242: TLR4 antagonist, AZD3965: MCT1 inhibitor, ITSA-1:
HDACS3 agonist, PDTC: NF-kB antagonist. The result represents the mean =+ standard error of the mean.
Values not sharing a common superscript letter differ significantly at P < 0.05; those with the same letter

do not differ significantly (P > 0.05).
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BATE—Fr BBt Fe kB, 52 2tk SD FEWMBE R 2R R ZILE T
(Proteobacteria) {2 % 1, 11 CON ZHLA1 SD+Mel-FMT ZH1Z% & [ AH X E JE %A Z2 7
A SIS % 2 A AL E B 2t SD /N 45 Proteobacteria K T R Y B
(Aeromonas) WIAHXS F B2 R 25 B o tbAMRATHER [mAs il 1 45 B N 590 Aeromonas
AT, HEZ ST CON 4R SD+Mel-FMT 4. 1M Proteobacteria il & T AK#B
Oy IRIAMER, SR S0E SO B 2 DA G, JF B IR LPS #iE BT
PLZE It il B, b N4 SR EA, 38 sk SR B0 I o 5 o ) 38 525 R g N ORI S 5T, 5] Ak o
ZRIE FULIRATHEN,  Aeromonas P RES T 2 SD S/ FOAFIRERG . S5R%K
B, A. veronii jEAH/NRRILHINFIDIRE 845, HoRMiH LPS WM& & W& Fhm. i
— B RSN R I o H 2 P 2 S0 S NI N, RN/ IR B 4B ML TS AL 2 2 4 i
PR~ 1938 22 30 58 40 i [R5~ B BRAEG, ELARARIE T2/ m . 4R Mel ¥ INgE
3 FRIEPR IR . deromonas AN 22 IRBI B, 3 2208 H R EE B 7 LPS SRS
BURSRER KA. A T iE— 2 ik A FHE 5 0 TR SEH, ATEE T
LPS AB/NRAER . 458 LPS BB S B 7 /NN A DI REI 40403, I HAE KN
OISR T LPS S EMBET G, SRR, BZEiRA 2 NFFZEEEHE
97N BRI Hh A I = 7K~ 1 LPS o FER AR IIE LT, LPS IR it B i (1) 45 €
PEREN 2 SRR, — J7 I8 MR AE A BIEHAR Z AN HZ, 53— J7 TR A] 0 S % 40 i
FEROREM RIER T, IRl S SER R AR . TIEATERA LPS DL AR 28 9 A
TN BBB HUkesE e, BN ZE kM 28t BBB 3 A KINSE5T o 7E K <% 5t
NS AR AR Y B s i, e ERIAN) TLR4 24K = 852 LPS B,
JA B T NF-xB 182, {3k N 5T 40 M 5 37E AR 98 05 PR 5 1 3 b e 2552 e Jo 30 o
ZIUMIEF RSB, &R EIR, A veronii EH/NFAN LPS AP/ RS 4+
TLR4. p-P65 il p-IxB MIZRIE/KN- T2 T, MAMNENE Mel kb RF R 7 Lk
HAM . HAMRATHNEE 7 T8 [ Cleaved caspase-3 ¥ fill. iXtbgh WK, &
P SD it 5|42 Aeromonas WIAX = FERG N L WGrh LPS & & T, AN infE]
ZIIENIR A, A& 3B H AR T AT RIS .

/N 5 20 AR 9 DR B 58 R SR e A, 2 R DR 4 2 S B2 -7 % 1 (Borst
FEN, 2021 ). LPS #EAKWGE, 5/NRE4HE K TLR4 Z4k45 &, @it MyD88
JA B T ) IkB/NF-xB 8¢ MAPK/ERK {5 5 il i, UG RER, Kt 2 K7
TNF-a Al IL-6 KEDW, P AR IIEE . ERMT, —Jrm TR LhEd 4%
ek o i AR N0, R B B OB RS RAER . S — T, B
A LU 5 2 AR 255 IR 05 NI E Tl EOR K IEPLREH . WEARI], MCT1 #izaik
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EE /MR TAHM b2 RIE, T GPRs SZARAE/ DR B4 E3ik . Rk, FRATHEN
55 JE B VIA SRR S T ERAN LPS w] BEF FH /N S5 40 B AR hy $E 40 BR 1 2 K i
P IE B, FRATTH LPS A2 BV2 4iiffd, S5RE7R, HXTHA HT22 4ifEtHtk, &
LPS 4CERE) BV2 2S5 TR0 EE S5, A1 28 4 M DR 20 W 3G 0, Bt 28 40 B R 43 DA ik
/b>, HDAC3. p-IkB il p-P65 &&=l Cleaved caspase-3 £ H 3R IAFIHE In$E <41 fg
FETRRA, T ERRENEE LPS WS LA, H—2, BATRIAIN TAK-242
A PDTC B4 7 T B0 LPS 5% 1 BV2 4l J8RE S N5 /E 1 I AZD3965
AITSA-1 FHI 7 T BRI EH -

2.5 IhNE

gr b, ANJEME Mel 3B NS EME deromonas K HAREY) LPS 18 I LM
£ 12 Lachnospiraceae NK4413 Jx H A W ¥ T R M & & , # #
TLR4/Myd88/HDAC3/NFkB 15 Tl %, Z2fift/ Mot 40 fid BETEAL, 48 SENE S B AN
TR, BB/ RN D RERERS .

3. BEHZEIRET) Lachnospiraceae NK44136 REK ST BRid = 2 4R
BRFZFIFE S/ EOIA T sEPERS

3.1 5|8

b, RATHIWT IS R DR SE T il R AL RE S S S SD B3
WAZ A, T Mel WK E XA E R, B EFSEREEBIRE
(Lachnospiraceae_NK4A136) FALXS =2 & N WM EUHR BB ME (Aderomonas) (A
X, T EGE S SD B S /NN RERERS . AR e NGE S T, 25
T ol W BN 2 NA N @m B AER . R,
Lachnospiraceae_ NK44136_group +&7= T BRI EEFHE, Mel &Ml T RAKHESE
TEFMANE 2 o il o™ 42 SCFAs IR S TR I TRIUAT 1] (Bacteroidetes) AllJ5EE T
17 (Firmicutes) HJn] VLA T /R, 7093 i il AR i B 20% A0 60% /247, A4S
B 1] (Proteobacteria) FIZEE ] (Actinobacteria) ;=4[] SCFAs & EAHXTE b, 4
B 5%~ 10%A1 3%, 772E¥] SCFAs ¥ 77 H id FRR IR e o B 1 i 45 P 2 BRI
i — RPN ENIRNL, RALL ATP KB g iR RE S . 1178 45 W 40 b R 4
A SCFAs 185 J5 JEE A MM SN 8 T TR BKOE A, D940 i RE AR SR BE IR .
SCFAs 2 540 b3 & 0% . JHEREAAR IR KAV & R, &ad DL EARH, IR
SCFAs I MR AEFA 23k 4 5 . SCFAs Al G i N 3 ih . 1K #  F1 H Ath A4 7 3
A8 TEL 99 BT 43 2 ) - i 8 TR SR 70 i ) E o
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BT R I, SCFAs WL R 48, FEm KK H{ES (Leeetal.,2020). fE
Wi, SCFAs ] LU PR A R s a0 B 4, B TR B R IR 121k 1
(MCTI1/SLC16A1) FIEAMEEL L IRIR #5184k 1 (SMCT1/SLC5A8) (Morais etal., 2021;
Wang et al., 20200, SCFAs i i #2485 1 5 LB B 1 32 A2 B = A2 BB w2
(Parada Venegas etal.,2019). ‘34), SCFAs it LLIE L 2 /b = A6 i) GPCRs %
= 5iE#% GPR41. GPR43 Al GPR109 (Zhang et al., 2021b). WF5t# ], SCFAs 1%
I A R A, ARG I s A e o R R, TR R e 3 I I 2 A4 % 6T SCFASs
FR I AE HY S B (Gasaly etal., 2021). SCFAs i 3 {75 izl A HAth 2% B (0 O, 7R
LTSRN i 1B A A 2 AR P R B R . $SE |, SCFAs AT g il iy b %
FE AT RS RN BETE « BN IR 7 /K SRS S 4 R TSR A SORE, H IR sk 2 21
Hh R B T 7 PR AR 2 1) Y 2 AR 2 S B B AR A o DRI, R I B AR AT TR
FVEIT PR T8 38 IR FE 1) SCFAs. BEAHF TS R I, SCFAs AT 38 i 521 /)N i 5 41 i (1)
TV 75 F1 ) BE SR 5 A 1 48 98 RE , AT T R 5 Ve RS ot B A (90 155 4 WA 260 R 5 8 A 3
(Needham et al., 2020). #Xifi, SCFAs % W52t e Ihfe AR e & 2 .
AT PR T W TE AR =) T B Mel B8 2tk SD 5 S
SNEEAS BIAE o X IOURE S B AE 1 B AE A FH AR PE Mel BT BRAM TR 2t SD /N B
H, TERAT Mel iz 2% SD W R I AIEAS IVE R, ARRI R R N 5 7R B0 4R
TR S 10 Mel 22/ A SD 7 & N KBRS 115 516 S8 12

3.2 RIS 7E
3.2.1 RBEENPIHIALIE

A 120 A 8 FEHEME/NR (ICR, 4E@A14, b0 WFRT 20 NMRE (6 R/
B8, TN 21+ 1°C, MIXHEEE N 50 £10%, JEREHIE AR 14:10 (B K _E4- 7:00
TG . NPT E BERESYUK. FrAr/NIEER— A2 G, HLEES 8 6 4
HEARFIZFA (SD). HEARRIZF+HIAE R AL HEZH (SD+Abs) . RHEEHR I ZF+4R SR T Tl
H (SD+MeD). HEMRFIZF+HIA R HEREMER T (SD+Abs+MeD) . HEARFIF+HiE
F+ T RTTi4 (SD+Abs+Butyrate) SEFAFIN A (COND. J1RH ZF & /K53
172E SD.

BT A N TR AT BT A ST A, FRATRE Mel ¥ T 20 pL B JE/K SBEH FEAR
PadF /N 40 g A4 B T s S A0 AR P FEARVREAE. 0.1 mL 894 348 R /K rpod o g flas
S5 T /N A o T R /) B S5 By SR 1) (20 pl JEZK S EERR R T 0.1 mL B4R
HE K, CON4); SD A /NRAE 2 SD 60 min FTRIE _E 7:00 E 4 = KM EE
SF 20 mg/kg (SD+Mel ). AT HERHEMAEDY, SD+Abs. SD+Abs+tMel 5
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SD+Abs+Butyrate ZHH1 [1J/NRIES: 10 d GERHA 7 d+SD 3 d) fEHIOKH RN 1 g/kg
AEHHER. 100mgkg IRKER. 05gkeg Hidi R, 0.5gke AHERYE 10mg/kg 40
& - SD+Abs+Butyrate 4/ FRTE 2 1% SD WA 1R R F I 7:00 3@ 5 457/ R 40
mM T &,

3.2.2 IXBE BN ER AL

72 WRBHTAT MR I 1) /N BRAEESE 720 SD J5 T8 | 8:00 #H4THUM, R 1%
(1 15 B2 L 2 s o B N BROEAT IR, FE 7 BDIEAT /N BRS04 SE . RR2H 6 R/INER K
B 4% % 58 W[ o F T e SR H 434l [RIZE AR 6 /N BRI HH XU vt 1
SRR G 30 min PR A -80°CUKFAH TS 4Lkl . gRT-PCR A&l |
Western blot #ll 1 ELISA A&l .

323 ETEMUEEESR

FHIKIEE (XR-XM101, R, HED. Y BE (XR-XY1032, ik
W, FED. BgsEe (XR-XM101, B#gEk, FED. SuperMaze Z¥047 24040
SHT RGE (XR-Xmaze, LHEEREG FED. gD A HL (LEICA, RM2235 B, f#[E),
AV LAAREL (BM-VD. Y622 B8 (Olympus, BX51 %, HA)., KGRE RS
(Olympus, DP72 Y, HA) HERTEF (101-A, IR W AOCHEITES]
HED. mEEREON (TGl6-WS, W1, WiRI). »JtE & PCR {X (Light Cycler
® 480, Roche Applied Science, fE[E ). i =miE & 0L (5248 &, Eppendorf, #E[E ).
Y B OAL (Mini-6K, HIM BEERAERA IR AR, HiMD. BFri (BLO-RAD, 550 1Y,
FHED. Bk (ASRAEmEEmARAA], Bl AL KN (JXFSTPRP-24,
BB ES R EARAF, R BMERTERAE (101-A, Jbx ik EHERIT L
&), ED. SR E N (ALCBIO, i),

3.2.4 IR

HEE R (M5250;sigma) BRI S ARG bR ic FIEERG OF 1 26 (CWOL16S, KN
HAEYREERAR, 1LI5). TN ShERIAS 7> . TRNzol Reagent TRIzon
A RNA R0 (CWO0580A, FENHZZAMHARFRAR, LI REFZRAE
(Thermo Fisher Scientific, Boston, USA). I=EHif IgG (CWO0156S, FENHLAEY)
BHEABRAR, 1L75). Biladky ChEFRD. BCA HEEEERME (CW0014),
RIPA 2R (CW2333) . & A BFHIIH7(CW2200) . SDS-PAGE _EFEZZ R (CW0027)
SDS-PAGE Loading Buffer (5X) (CW0027), ¥4 HE LI N AEMRBIEERA
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AL W FEP R 1gG (CWO0156S, FERNMHLAEMFIH AR AR, LH). DMEM
(SH30023.01B, HyClone, Jbxi). Ia4-1MiE (11012-8611, #iTLARMUAEY BHE A

HIRAT, WL, HHE RS 100X (P1400, b ZEERHEARAR, b5,
0.25% Trypsin (T1350, JtIHZEEFERHELARAA, b5,

325 BERHpKRE

B T 2,24,

RGP IRIESE 558 —
3.2.6 ELISA JMEMM3Z 7 NE. CORT #1 Mel 152

BB 1.2.5,

I D RIS =5 —

3.2.7 ELISA MES D REMEEF (IL-6. TNF-a. IL-4 F1IL-10) BIEE

I P IR RIS 788 =717 3.2.8,
3.2.8 qRT-PCR
WP IRE S —F R — 2.1.2.9, RNAFEGHAN SHLR Gprdl. Gprd3 A

=

Gpr109a [f] mRNA HX £k &,

3.2.9 Western blot

RIGERAER 2 =2 58—, %Pi/M Cleaved caspase-3+ Bax. Bcl-2. p-IkB il p-
P65 £ s MEHURIRFZH A 1:1000, B-actin £ sFEHUAIIARZ 1:8000. Western blot

LA B-actin YN 2, HHIEERIHXRIEE Y H I HE H7KF/B-actin & HIKF.

3210 MRHPEELTIHELRE

-

RIS IRE S = =5 —5 1.2.5,
3.2.11 REHALFRE
RGP TR IE) 25 — 55 58 =77 3.2.6. P/ Ibal BATE PR IR RELLHZ 1:1000,

B Pi/N R GPRI09A £ o7 [ Hi Ak i 6 B: LL 45152 1:200.

3.2.12 InE L4988 SOD 5 MDA By

/5

I IR IA 5 =% 8 —15 1.2.8,

153



AR A 2 R S SEVUEE frlc i b 8 R TR S 2 BRI SR <5355 3 (KA RN e o (1 1

3.2.13 SCFAs B9#&:M

(1) FREX 0.3 g HUBriEe /NI FELE, A 1 mL £5 77K, T 12,000 t/min 5%
A FEL 10min, FEEYCE 1 mL B BIEH, FEI0 100 pL FKERRR, 780 TR 5T ER
A SmL ZBk, FF70RE, HER FAE 20 min, F 3500 r/min 2514 F 250> 10 min,
W B RN E S —8 ., I 500 uL IM NaOH, F£78/0iR%), HEE N
HX 20 min, T 3500 r/min £57F F B0 10 min, FEEIUSCEE FEAKM, FFMA 100 pL £
W HCL, F82MRS), BT RESZ 0.22 um SRR J5 3E AT i R0 (3 2 47 .

(2) WHAHEHTEBIAE A BRI 0.025 %I B R K%, pH N 2.8, sl B AJ
HNCHE, R 0.22 pm JEBLREX PR AR 38 LR 25N E Y, AR A5 & H .

(3) KRS A 5 B BB 95:5, A 1.0 mL/min, HIPEK A
210 nm, FEiRN 30 °C, #FEEEE N 20 pL.

(4) J 5 AR B A v M 2R i ST FREUHE R 1K) L BR . TNBR . T BRPRUESS, FFFIF
B BIEH IR E A 1 uMy 10 uM. 20 pM. 40pM. 50 uM. 100 pM. 200 pM
5 400 pM IPRAEIETR, I DASRHEBRIR FE B AANR, U T AR Jy AR AR L hr it ith 45

3.2.14 /NER HT22 #ABf GPR109A4 siRNA Fi#L
3.2.14.1 HT22 ZAREE 3R LEE

i F 5°3bric FAM [ Negative control siRNA (FAM-NC-siRNA) #E{7#54L, I
WE HT22 20 i 4% e 305, HT22 MR AE 12 SRS IR IR, Fran s 2 80% /2
o FES—RIFH Lipofectamine 3000 % 44iR51Kr FAM-NC-siRNA ¥ 4L N4 fitl. #4E
RN

(1) H#ERRE IR N IR, 1.6 mL/AL;

(2) Mt & Lip3000/siRNA TAEH:A W 200 pL DMEM 5 7734 F¢ 80 pmol ]
FAM-NC-siRNA, B % 200 .LDMEM 15 7% 3 #5% 4 pL Lipofectamine 3000, #f A
WA B ISR A S HE 20 min.

(3) FEFLUSIN Lip3000/siRNA TAEWR 400 L, BIRIES), BFrdk @A 2 mL/
flo JEF 37°C, 5% CO,, £:FE40M 48 h, JE#E{T DAPI (lpg/mL) Jeft, Z8)6EM
ARSI EL G

3.2.14.2 HT22 ZHHfl GPR109A4 siRNA Fit

B E#W SIS AR AT ATEMY GPR109A 1) siRNA, DL BH 4T I8
siRNA [FAInER 4-1.
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%% 4-1 siRNA F75|

Tab. 4-1 SiRNA sequences.

siRNA Sense (5°-37) Antisense (5°-3")
Gprl109a-mus-231 CCACCUCAAGUCCUGGAAATT CCACCUCAAGUCCUGGAAATT
Gpr109a -mus-640 GCUAUGUUCCUCUUGGAAUTT AUUCCAAGAGGAACAUAGCTT
Gpri109a -mus-905 CCCUUAGCUUUACCUACAUTT AUGUAGGUAAAGCUAAGGGTT
Negative Control UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

TE 28— R EAT siRNA 4%, % HT22 405 A2 A2 (Blank). T4 BH 145 1
H (si-NC). Gpri109a-231 FHH (si- Gpri09a -231)+ Gpr109a -640 T4 (si- Gpri09a
-640) 1 Gpri109a-905 T4 (si- Gpr109a-905) H:A Blank ZHAN 5 # 2 mL % 4e8% 9%
F, 1 si-NC.si-Gpr109a-231.si- Gpr109a -640 1 si- Gpr109a -905 443 5| 3£4T Negative
Control. Gprl09a-mus-231. Gprl09a-mus-640 A1 Gprl09a-mus-905 145Gy, & yetik
L/

(1) H#eRRE IR N IR 5, 1.6 mL/AL;

(2) & Lip3000/siRNA TAEH:A W 200 pL DMEM 5 7734 F¢ 80 pmol ]
siRNA, B35 H 200 uL DMEM #5722/ F¢ 4 uL Lipofectamine 3000, ¥ A {1 B
WISNRA, #E 20 min.

(3) FEFLUSIN Lip3000/siRNA TAEWR 400 L, BIRIES), BFrdk @A 2 mL/
L.

gt 5T 37.5°C, 5% CO., 153 48 he

3.2.15 MTT i 2&
R D IRIE 1.2.9.6,
3.2.16 LDH i®I&

(1) FHERRIRI: SRR 0B N, B0 B, g (ot
A FREGHAAEFL (mL) 24 500~1000:1 FIELE], HE S DB AN (UK, ThE 200 W,
#EAE 3s, AR 10s, EELE 30 7%); 8000 g4°C, .0 10 min, B EiE, BUK BRI,
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(2) IR R E

T 44 PR MEE (ub) XTHRAE (ul) FRUERE (ub)
(SRIUYEFZN 10 10 -
FRUER - - 10
B — 50 50 50
= 10 - _
ZEIRK - 10 1-
FRIRE] 37°C Fr#fEZK¥S 15 min
B = 50 50 50
FIRE] 37°C Fr#fEZK¥S 15 min
1 Y 150 150 150

FIRA], BIREE 3 min, 200 pL B 2R B L A MEE 96 FLARH,
450 nm FMEROGEE, THE AA=A WEE- A XIRE . BANIEE T E R — .
FRYE R AEE M e AE AR B fhn et 2k, y AArdE k&, pmol/mL; x JNXIWROGIE (I
FRBEN 0 IFRHEEF OD fED.

(3) LDH & /I8 5:

BRI E e B 1 TIAHHHER S B AL 72 A2 1 nmol TR R & SN — AN 77 5
B

LDH (U/104 cell) =yxV ¥+ (500+V FEEXV FE) +Tx103=0.133xy

V FESONAR RPN BIREAARFRL, 10 uL=0.01 mL; V FE&: AR BORRFR,
I mL; T: MK, 15min; Cpr: THEBKE, mg/mL; W: FEMBIE, g 500:
0% 500 J35 103: 1 umol/mL=103 nmol/mL.

3.2.17 BIES T

{§i i} GraphPad Prism version 9 (GraphPad Software, La Jolla, CA, United States) i
ITEHAR AT H R N PYME EhRER (SEMD, 4IR1Z 7 R AR T Z 8T (one-
way ANOVA) Fl Tukey 2 & LA IR 31T 708 PAH <0.05 WHNE ST Lo
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3.3.1 FMT & 3B4R T B8 51T R 80 < M 247

B IATRI FMT Ab35 /N BRESE A BE MR TR 1) & & . R, 5 CON-
FMT #Lt, SD-FMT 2/ ERFSME T R & & 0 3% FEIK 58.9 % (P < 0.001, Kl 4-22 D);
IR 2, #:52 SD+Mel FERAE N/ R AIFEE T R & 845 SD-FMT A7t 7
146.8 % (P <0.001), Jf5 CON-FMT 4% H BEMEZR (P>0.05). A0, 74
ANEBERITR (LBRAEIR) £ =AM BE AN A S FER . X —55 RILR FMT
R SR AN FN D RERI AR AL, SAEARUR = T IR AT RE S S5 Horh . RLIGERATTN T
R AN B AT R AR AT AR OME b . S5 R BoR, TS /N R EIE T & FIk sk
HAE PR B S IR DG, 5 /N B2 T B B BRI B B TA) 2 R AR DG . 1X— 4
K, FMT 29 TR SIAEDhRe Z (B AAAE 2 VIR AR OCE o DR L FRAT 1HE D 2k SD
IS5 S W TE AU A B O G TR B B A BRI RS M /N R B D B
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4-22 FEEHBEX D RIEEEERERRS SR
(A) M, (B) BECRMEE, (O HEARMETE, (D) EETRHRNEGE, (B
TR R IR SN, (F) TRAAEF SRR A RIE: (G) TR - 5 KK
BRI (HD T ERAN H AR SR B I (M AR . CON-FMT: %52 CON 41 FMT /)
fl: SD-FMT: #%Z SD Z1 FMT [1/Nil; SD+Mel-FMT: #£5Z SD+Mel 41 FMT I/ il; V-
FMT: BHAFIZL. 45K Mean + SEM o, A M Ebr 7 RIEZERZE (P<0.05);
Ay RAEREGUFREIL (P = 0.05).
Fig. 4-22 Effect of FMT on the contents of short chain fatty acids in feces of mice.

(A) Correlation analysis, (B) Acetate content in feces, (C) Propionate content in feces, (D) Butyrate
content in feces, (E) Correlation between latency to reach the platform and butyrate level, (F)
Correlation between path length to reach the platform and butyrate level, (G) Correlation between
number of entries in the target zone and butyrate level, (H) Correlation between time spent in the target

zone and butyrate level. CON-FMT: receiving CON group FMT mice; SD-FMT: receiving SD group
FMT mice; SD+Mel-FMT: receiving SD+Mel group FMT mice; V-FMT: vehicle group. The result
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represents the mean =+ standard error of the mean. Values not sharing a common superscript letter differ

significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

3.3.2 Mel 8¢ T ERHI4MFEELE R SD 5F8Y/NRIZIZHMA

NTHRTRREES N T Mel 3% 201 SD 15 S AU/ BON M RERERS , RATHE T
CON. SD. SD+Mel. SD+Abs. SD+Abs+Mel FI SD+Abs-+butyrate 21/ F7EF & 777E
BATELERT AT AR (B 4-23 A). ZRE7R, 5 CON 4LAHEL, SD 41H1 SD+Abs
/N SRS I 2 (REAZ RS, BARR N BI1A T & 1 7E 55 A bk 1 R A 35 s 25 14,
B AE H bR G R A5 B2 1IN [R) A 278 387 & B BUR 2 FRAIE (P < 0.05). 5 ZAR, Mel
N R 7 St SD S 1A HEAZ RIS 84k . SD+Mel 41, SD+Abs+Mel 417
CON ZH7E ik & [ BE B FIRE@RE R 1. H br S PR 15 B8 A ) 0 28 B & 1 8 b
BAGIFER (P>0.05). 5 Mel #7801l 45 721 SD /MRAN R T ERAEWS 3%
2% SD S /NN FIThAERERS (P<0.05). SD+Abs+Butyrate 215 CON 2H 2 [8] 1]
FRESHI T REER (P> 005, WA, SHRIMEHEER TS %R (P>
0.05). ik, TERHMREXRY, TRMBMEAMERES ST, TN ST Mel £
SD AT A kN b o 1 e A e
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4-23 Mel 3¢ T BRAR M AN SD /MR ESEHCIZ8E HRIE M
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Fig. 4-23 The effects of Mel or butyrate supplementations on acute SD-induced spatial memory of mice.

(A) Experimental flow chart, (B) Track plot of spatial memory test (with hidden platform), (C) Latency
to reach the platform, (D) Path length to reach the platform, (E) Path velocity to reach the platform, (F)
Track plot of spatial memory test (without hidden platform), (G) Number of entries into the target zone,
(H) Time spent in the target zone. CON: control group, SD: sleep deprivation group, SD + Mel: SD +
melatonin (20 mg/kg) supplement group, SD+Abs: antibiotics+ SD group, SD+Abs+Mel: antibiotics+
SD +melatonin supplement group; SD+Abs+Butyrate: antibiotics+ SD + Butyrate supplement group.
The result represents the mean + standard error of the mean. Values not sharing a common superscript

letter differ significantly at P < 0.05; those with the same letter do not differ significantly (P > 0.05).

3.3.3 Mel 8¢ T ERHI4MFEX 214 SD /MR IR ZFRIK T K danar ZFEBIFNT

W 7S, FRAT AR AN [R] 6L i 2% 3 2% K P RIS SRAK Aanar & 217840 S5 R EoR,
5 CON #HAHLE, SD 4HA1 SD+Abs /MMM ZE NE Ml CORT 2 #EFHE (P <
0.05), T3 Mel /K53 R (P < 0.05, K 4-24 A). T Mel (xR4T Sk
SD i 5 1M 25 B 2 /KT 1) 92 35 T DA Meel ZKF B . SD+Mel 41, SD+Abs+Mel
HA CON AR MR RA A G 2R (P> 0.05 KBl 4-24 A). 5 Mel #lt,
TERIMAN 7R 7 SME SD S M ISR T s, (H X 2K Mel 7K I & A &
Mo FASRAK Aanat WEERER, SXTRAMLL, SD 4. SD+Abs 4. SD+Mel 4.
SD+Abs+Mel #1 Al SD+Mel+Butyrate 1] Aanat /] mRNA 7K P52 FFK. DL fI45
RKE, S SD ] T Mel M43k, THAMNEME Mel BFIFMFERERG NI Mel 15 &
EXF Mel A REEA M. 30 TERX Mel MEERERCEEH, KA TRZE
Mel i3
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(A) NE, (B) CORT, (C) Mel, (D) Aanat mRNA 7K*¥. CON: SfHE4H; SD: FEIRFZG
2H; SD+Mel: HEHRFIZ+ Mel T-T2H; SD+Abs: Hid R+HEIRFIZALFEZH; SD+Abs+Mel: Fi’E
AR F+ Mel T 7i2H; SD+Abs+Butyrate: $i4E R +HHEARKIF+ T R T dH. 255 P Mean +
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SEM #7x, WAHME EARFRHNEZEREE (P<0.05); RFHHERESIHFREL (P =
0.05),

Fig. 4-24 The effects of Mel or butyrate supplementations on plasma hormone and pineal Aanat in acute
SD mice.

(A) NE, (B) CORT, (C) Mel, (D) Aanat mRNA level. CON: control group, SD: sleep deprivation group,
SD + Mel: SD + melatonin supplement group, SD+Abs: antibiotics+ SD group, SD+Abs+Mel:
antibioticst+ SD +melatonin supplement group; SD+Abs+Butyrate: antibiotics+ SD + Butyrate

supplement group. The result represents the mean + standard error of the mean. Values not sharing a
common superscript letter differ significantly at P < 0.05; those with the same letter do not differ

significantly (P > 0.05).

3.3.4 Mel 3 T BRRI4M FEXT R SD B SRS DL TR FE T RIS

NT R T BRAE NGS5 Tt il i e B TR AR A, BRATTAS I T A [R] 4 117)
BREET AR bR . R EoR, 5 CON 4Lk, SD 411 SD+Abs 21/ i
CAl. CA3 fI DG X Il EE B TFEM (P<0.05, E4-25A-D), LARE%IZE
H Tfirl 1 Dmetl I8 I0FD Fpn WK (P<0.05, K 4-25E-G). 52 A%, Mel fi%h
el T 2 SD i SR 2L . SD+Mel ZH. SD+Abs+Mel 051 CON 478
ANEFXEETER, Pz EA Tfrl. Dmtl fl Fpn ERARIT¥ZER (P> 0.05,
4-25 A-G). 5 Mel #p7AE, TRREKM RN EE SD 5 FINPIE T A KIBIRH
oM (P>0.05, & 4-25A-G). DL ESSREW, Mel fENT B i1 1 Re e ok
3o SD R MM A U AR AL, (FR TN H KA.
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4-25 Mel 3¢ T BER IR 2% SD /NRIGDHE TR T RIS (SRS
(A) EELFEROEREDSE TERMIEA . H Image] SHELE T et 45 BT 0 H . 2kE
TR AL AR CELFIR N 50 pm), (B) ¥ CAL X2 E FRIPE4RMf 10D 14, (C)
Wy CA3 X FRHMEANMA IOD fH, (D) #5 DG X8k & T FH 41 10D 1, (E-F)
LM RELIZE A Tfil, Dmtl F1 Fpn FIFIST mRNA 7KF. CON: XtHE4L; SD: HEHRFIZF
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Fig. 4-25 The effects of Mel or butyrate supplementations on ferroptosis in hippocampal neurons of

mice (Iron metabolism).

(A) Micrographs depict iron labeling in mouse hippocampal sections. The iron-staining results were
processed using ImageJ. Iron deposits were observed as red granules. Bar = 50 um, (B) Relative IOD of
iron-positive cells in the hippocampal CA1 areas, (C) Relative IOD of iron-positive cells in the
hippocampal CA3 areas, (D) Relative IOD of iron-positive cells in the hippocampal DG areas, (E-F)
Relative mRNA levels of iron transporter proteins 7frl, Dmtl and Fpn in the hippocampus. CON:
control group, SD: sleep deprivation group, SD + Mel: SD + melatonin supplement group, SD+Abs:
antibioticst SD group, SD+Abs+Mel: antibioticst+ SD +melatonin supplement group;
SD+Abs+Butyrate: antibiotics+ SD + Butyrate supplement group. The result represents the mean +
standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

B IRATR I 7RI T 5 — AR S — R B AR . 85 R o, 5 CON
HAHEL, SD ZHA1 SD+Abs 4H/) il %A ML GSH-PX (68-85.2%, P <0.001). CAT
(51.7-59%, P=0.005-0.01). SOD (29.1-41.2%, P=0.000-0.009). GPX4 (56.1-58.2%,
P<0.001) Al T-AOC (33.7-37.5%, P=0.02-0.03) & F&A%, 1M g i id &AL 74 MDA
(45.3-59.5%, P = 0.000-0007) B & &R #EHE (B 4-26 A-F). SD+Mel 4.
SD+Abs+Mel 41 CON HAERMT-MKRER FRA S #ER (P> 0.05, K 4-26 A-
F). 5 Mel #783800L, T ERAUHM 78 RENS L35 S SD 5 3 (13 40 22 o g AR 25 6L

(P>0.05, & 4-26A-F).
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4-26 Mel 3 T BRIRIMXT 24 SD /NRIGDME TR T RIS (BERACHED
(A) GSH-PX, (B) CAT, (C) SOD, (D) GPX4, (E) T-AOC, (F) MDA. CON: XfH
1; SD: HEHRFKIZFAL; SD+Mel: BEARRKIF+ Mel FT04L; SD+Abs: $uAz FH+AEHRRKI R AL H2H ;
SD+Abs+Mel: FiEZRHIEARKIF+ Mel T-H41; SD+Abs+Butyrate: HiAEZ+HHEHRRISF+ T BT
Ho iR Mean + SEM For, &AM EARTREZRLE (P<0.05); FTRHHZESR
KGR (P = 0.05).
Fig. 4-26 The effects of Mel or butyrate supplementations on ferroptosis in hippocampal neurons of
mice (lipid metabolism).

(A) GSH-PX, (B) CAT, (C) SOD, (D) GPX4, (E) T-AOC, (F) MDA. CON: control group, SD: sleep
deprivation group, SD + Mel: SD + melatonin (20 mg/kg) supplement group, SD+Abs: antibiotics+ SD
group, SD+Abs+Mel: antibiotics+ SD +melatonin supplement group; SD+Abs+Butyrate: antibiotics+
SD + Butyrate supplement group. The result represents the mean + standard error of the mean. Values

not sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

3.3.5 Mel 5 T BEHUAN FE X 2 SD B S HE D HEZ K AERSZNT
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4-27 Mel 3 T BRI AN SD /MR D HE SSAERIFZMN
(A ASFHREEZH 19 /N LA Tbal Bea B (LEBIRS 50 um); (B) ¥ CAl. CA3
F DG [X Ibal FHIEAHAL IOD fH: (C-F) ¥ SHAL RAEGME T K (TNF-o. IL-6. IL-4
AIIL-10). CON: XtHBZL; SD: HEHRFIZFL; SD+Mel: HEARFIZF+ Mel T-Fi4l; SD+Abs: i
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Fig. 4-27 The effects of Mel or butyrate supplementation on hippocampal neuroinflammation in acute

SD mice.

(A) Images of the Ibal-stained hippocampal microglia in the different experimental groups. Bar = 50
um, (B) IOD of Ibal-positive cells in the hippocampal CA1, CA3 and DG region, (C-F) The levels of
cytokines (TNF-a, IL-6, IL-4 and IL-10) in the hippocampus. CON: control group, SD: sleep
deprivation group, SD + Mel: SD + melatonin (20 mg/kg) supplement group, SD+Abs: antibiotics+ SD
group, SD+Abs+Mel: antibiotics+ SD +melatonin supplement group; SD+Abs+Butyrate: antibiotics+
SD + Butyrate supplement group. The result represents the mean + standard error of the mean. Values
not sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

3.3.4 Mel X T EAEVAN FEXT &M SD BESAEDHEZ T ETHIS2IN

TR T BRI NS 5 & il B i U R AR, AT TR 1 AN [R) 201 ) 97
ToAHSAR AR AR . 5 B R, 5 CON ZAHLL, SD ZH A1 SD+Abs 4/ i 5 Cleaved
caspase-3 Al bax FEELETE T 47.2~68.3% (P < 0.001) Al 91.7~99.8% (P <
0.001), M Bel-2 FiAEZ KT 49.1-50.8% (P<0.001). 52 A&, Mel fIfh7is
By &M SD ESIYIIET: . SD+Mel 41. SD+Abs+Mel 411 CON ZHAEIHT- M55 &
HEBRE G ER (P>0.05, F4-28). 5 Mel #h 78R, TERMIFN T AEMS E &
PE SD % SR LA CIH T (P>0.05, K 4-28). PLESETRE, Mel fENT BRI
EUiEAER R G 2t SD BRIMEA TG, T RIEAAES S TN RT
Mel [EGEAE
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[E] 4-28 Mel 3¢ T BERMNXT 214 SD /NRIEDMEZ TTA TSI

(A) Western blot 2 HEIZE]; (B) Bax HIFAXTEEHKF; (C) Bel-2 KX EHKF: (D)

Cleaved caspase-3 IFHXT & H7KF-. CON: XJHEZH; SD: BEARFIZFA; SD+Mel: HEHRFIZF+
Mel +T14H; SD+Abs: HiE R +HEIRRKIZFALFEH ; SD+Abs+Mel: HiAE FRAHEIRFIF+ Mel 14,
SD+Abs+Butyrate: P4 RHEIRFIF+ T IR T gl 45580 Mean £ SEM Fon, %A MHA Fbx

TRIEZREE (P<0.05); FAFRHAZERLLITFEXL (P = 0.05),
Fig. 4-28 The effects of Mel or butyrate supplementation on hippocampal neuronal apoptosis in acute
SD mice.

(A) Western blotting of apoptosis-related proteins expression, (B) Bax in the hippocampus, (C) Bcl-2 in
the hippocampus, (D) Cleaved caspase-3 in the hippocampus. CON: control group, SD: sleep
deprivation group, SD + Mel: SD + melatonin (20 mg/kg) supplement group, SD+Abs: antibiotics+ SD
group, SD+Abs+Mel: antibiotics+ SD +melatonin supplement group; SD+Abs+Butyrate: antibiotics+
SD + Butyrate supplement group. The result represents the mean + standard error of the mean. Values

not sharing a common superscript letter differ significantly at P < 0.05; those with the same letter do not

differ significantly (P > 0.05).

3.3.4 Mel 8¢ T BRHI4MFEXS 214 SD /MR T BRZ 1A KBS S B ER RV SZ MR

N T BRI T R R AR CCEAE R L, FRATX T BRI AR R ARG AT T4
W R ER, SXAML, S SD /NS Gpri09a SRR mRNA 7K 23
F#AK 46.3% (P=0.007), 1 Mel FITRREIAN R R THE T Gpri09a KK mRNA 7K
F(96.4%, P=0.002; 69.7%, P=0.04) . H B 20 205 G 4 B 7R g 5 AN [F] X 38 GPR109A
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FEHVEAIR R 2 AfE L. 5 Gpri09a #HIL, AN[FEACEEZ (A] Gprdl F1 Gpr43 1] mRNA 7K
PR ER BN P A T RANESBRER S5 T TRMSCEER . 4158,
Ext MM, S SD /NI p-PI3K Al p-AKT FIFRIE /K23 PR K 47.8% (P=
0.02, K 4-29) F151.6% (P=0.026, & 4-29). 4Rifi, fEat SD /M H4h78 Mel Al
TREREYRE T LREANRIEKF.
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(A) Gprdl PJAEXT mRNA 7K, (B) Gpr43 BIFHXT mRNA 7K, (C) Gpri09a HIAH% mRNA
AKE, (D) #5 GPRI09A b gett (LLfi RN 200um). ARt RRFHPELIM. (E-HD 5
HZL GPR109A. p-PI3K. il p-AKT #HXF & EH/KF-. CON: XfHEZ; SD: REERRFIFAH
SD+Mel: HEHRFIZF+ Mel F-TilZH; SD+Abs: PiA: H+HEIRFIF AL B ;. SD+Abs+Mel: HiA4 2+
MEAR ] 75+ Mel F-7i41; SD+Abs+Butyrate: HiAd: F+HHEHRFIZF+ T TR T4, 45K L Mean +
SEM #on, BEAMEIARTFRIEEREE (P<0.05); FAFRHAERESIT¥EL (P =
0.05),

Fig. 4-29 The effects of Mel or butyrate supplementation on hippocampal butyrate receptor and signal
pathway in acute SD mice.
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(A) Relative mRNA levels of Gpr41, (B) Relative mRNA levels of Gpr43, (C) Relative mRNA levels of

Gpri09a, (D) Immunohistochemical staining of GPR109A in hippocampus. Brown indicates positive
cells, (E-H) Relative protein levels of GPR109A, p-PI3K and p-AKT in the hippocampus. CON: control
group, SD: sleep deprivation group, SD + Mel: SD + melatonin (20 mg/kg) supplement group, SD+Abs:

antibioticst+ SD group, SD+Abs+Mel: antibioticst+ SD +melatonin supplement group;
SD+Abs+Butyrate: antibiotics+ SD + Butyrate supplement group. The result represents the mean =
standard error of the mean. Values not sharing a common superscript letter differ significantly at P <

0.05; those with the same letter do not differ significantly (P > 0.05).

3.3.5 GPR109A {4 7E HT22 ARIRIAIE R

RN T P IAE T R R SGE AR BIMLE], FRATH T PR ZAKTE HT22 41 3R 1E
HEATRE, 4Ry e 4E BB R, GPRI09A SZ4R7E HT22 4l FA £k (& 4-30).

GPRINSA DAPI Mergze

Postive

INeELve

[#] 4-30 GPR109A Z{K7E HT22 HRRIRIATED
Fig. 4-30 Expression of GPR109A receptor in HT22 cells.

3.3.6 TE&IEIT GPRI09A/PI3K/AKT @& E H,0, 5I#EAY HT22 ZAAEETS

FEARAMRLG F, FIF] siRNA T3 GPR109A [ IA RV T BRZ R IVEH . MTT
SEREW, TR REMGE HaO0 753 4IRS T IR, 17 siRNA-Gpri09a 1]
IS 7T IR SCEER . 541TE R A — 8 HoO0 402 HT22 415, p-
PI3K 1 p-AKT & [ FIFRIE K2 FFIK 49.8% (P<0.001, K 4-31) F161.2% (P<
0.001, K& 4-31), 1M TR T H0, #SH R EANRM. 1T RFMFIX
PSR B siRNA-Gpri09a WITRACERFTRAWT . #E—2°8 TR PIBK/AKT 15 5@
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PRAE T IRAGE H0, 155 HT22 40E T R R M E AALS],  FAEIBRATIE AR NS N
T PI3K HUHRFEBH W (DY294002) A1 AKT H4F S FH W77 (GSK690693). 45 %
7R, LY294002 I GSK690693 [ FALEANH 1T BX HaOo 75 40 i /) FRAK K
SRR .

HE—2EMEL T 24 GPR109A . p-PI3K 1 p-AKT 15 5 3@ B4 AW A, A [ 4 20 A 7
oA A AR . 5 HoOx+Mel AHEL, siRNA-Gpri109a HALHE S5 cleaved-Cleaved
caspase-3 Fl Bax FRiEHIFHE, 1M Bel-2 RIEFEL, BT GPR109A R IE )G,
T HoO, 15 S I AR T M SCE A E F FHWT T o 5 siRNA-Gpri109a TiALEEARL,
LY294002 F1 GSK690693 1 FiAb B i%i % | T B AT Ho02 1 %m%%m%%%%
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4-31 THEEXS H.0, %S89 HT22 4HAf GPR109A/PI3K/AKT 155 1B R AIS/MT
(A-C) 4HiEAHXHE 71; (D) LDH )& &; (E-K) GPRI09A. p-PI3K. p-AKT. Cleaved
caspase-3. Bax Fll Bel-2 fFEXT 85 H R IEA & ; NC-siRNA: siRNA FIBHMEXT R Gpri09a-siRNA:
siRNA T4 GPR109A fJ3ik; LY294002: PI3K K05 GSK690693: AKT 7. 455
PA Mean + SEM £, BCH MR B BIEZEREZE (P<0.05); FATFRAERLSGITE
(P = 0.05).
Fig. 4-31 The effect of butyrate on H>O»-induced GPR109A/PI3K/AKT signaling pathway in HT22
cells.
(A-C) Relative activity of cells, (D) LDH content, (E-K) relative protein expression levels of Gpri09a,
P-PI3K, P-Akt, Cleaved caspase-3, Bax, and Bcl-2. Nc-siRNA: Negative control for siRNA; Gpri09a -
sirna: siRNA interferes with GPR109A expression; LY294002: Inhibitor of PI3K; GSK690693:
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Inhibitor of AKT. The results were expressed as Mean + SE, and there was no significant difference
between the values of the same superscript letters P < 0.05. There was no significant difference in the

same letter group (P > 0.05).

3.4 +1ig

WAEY M RN, BWYRE (Lachnospiraceae NK4A136 group) s&r= 01T BRI E
TIUAES, HAE SD-FMT A A% 32 55 B B K T HARPI A . 3 —PIRATRIN T FMT 52
HNR & SCFAs & &, FATEBL SD-FMT /MR T R & i 3% F4(%, CON FI
SD+Mel-FMT /M I45 17 TR S EEE ST SD-FMT 4, HZ-#ZZREAER, KX
2 LR BRAE AN R 21 1R 35 5 3 AR b o X it P B T8 T B R TR 45 VE F T e 2 i i
TN T RUEFRATEN FMT 246 8T BRAAT N Febr 2 R AR G, 45 R 8
N T R AN BN RN T R B A 52 2 25 I AR 5% o X 20 45 SRR T BR P ReAE NS
F0T, AT T Mel X2 SD i SHCIZIR G I SGEE R « KL FRA T I ZMJE
7o T RRRIAE AR .

b T oNEE I b R AR AR RE R AN, TR B TT DU I fig 1 bR R ARG 3E (Cryan
etal., 20200, Ah, BT TERELAEL 51 BBB, [RULAEHR A )T BR L AT AR K 7= A4
B (Stilling et al., 2016). AR RFKH, H Mel 80T BRELIGIT AT LLKGEE S
P SD 5l HICIZRERG . SR, BRI, [FEE SD /N (SD+Mel 1 SD+Abs+Mel
) fh7e Mel AT LR BN Mel 1T BRELAIKF, TMikh78 T EEEE (SD+Abs+ T RE:
gD HEeE TR:EMSE, [HAGIHEE SD 5K Mel 2. FFERERIIHER
DL SD BEBE I A AR danar WFERIZRIL, AR ZIMNEME Mel 30T BRI# 8 #8
ANRENE 2V SD Xt Aanat RN (KL, ixXSegE KR, Sk SD @I HIH] Mel 4
W, PRSI Lachnospiraceae NK4A4136 1T BRIV P2 4E, 835 RN FNI D) gefE
. AHt7iRIE, S SD SIHIA & SORERIBUE 7T LLT-Ht BBB iEENE, ({2 %
YR T HEN TP ARAI S R GE, TS ERNE SORE R A i & F R A TG E R (Gasaly
etal.,2021). FRATHAN RS REH], *h7e Mel 50T BREL WA A% S SD /M
55 Tbal FHYE4EMIR)ECE, (RRAME AR T REE BEEN, FSEmETE
FEEED . B, BTG RRATIREEE —MES 0T, 74T Mel X2 SD
AL RS B NG

KBNS, TR R EE L #5125 2RISR AE AR N R AR - A HRIEFR,
TR R B2 AR s T A IER N R IE, Ti%is B 1 2 2ERIA T BBB I 4 I,
FioeH TR IZE AN (Silvaetal., 2020, 32 AATE K 44 0 BRIk, JEiE
HECE ARG TE R KRR PHRRI, TRIEH =Mk, Bl G EAME
X521k GPR41. GPR43 #l GPR109A (Kimuraetal.,2020). FATHIBF T4 L8, b
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7t Mel FITEREETTLACGE 20 SD #5310 GPRI09A £ HRIAMEAL, 1M GPR41 Al
GPR43 fEARIH Z A1 A WA AL, X R TR REF 238 5 GPR109A 21k 4h
ERVEVER o SRt PRI R I, TR R AT LAYS D SR /0N 8 441 i 41 ¢ 3R 28 ( Wenzel
etal.,, 20200, SR1M, AL, FATE AW RN 2] GPR109A SZ/A1EHE 5
FERL. AR TR, GPRI09A ZAAEERIATIEL CAl Ml CA3 X, & TR
RE FLIEAE I T o K PEBUR TR

N1 HE—BRUE T AR M A TSGR E R, FRATH Ho0, 403 HT22 20 S Aiidt
S MR TR AN T R ERAR T PR T AR A . FATKILT BRI T H.0, 551
Cleaved caspase-3. Bax il LDH $8£01)38 A &2 GPR109A. p-PI3K. p-AKT. Bcl-2
NGNS SRR . SRTT, FIH siRNA FHid GPRI09A kS5, #H T T ERER 1T
T AEH . JERTRIRF AR, #h 78 T EREN T JEId GPR41/Gbe % PI3K/AKT &,
TR K TR S bk P 28 5 AR 2 eI TS (Zhou et al, 2021b). b4, — A58 &L,
Mel 8 B0E T B2 £h/GPR109A {5 5 18 M R SR AR A KBRS S B IS E (Wu et al.,
2021). FATHIE AN SMRIG 5 SRR, 2% SD 85 Ho0, 1] LAFIH] /N FR 8 HT22 41 g
PI3K/AKT 155 18 % (0% , 10 T R #h K AR B AT LAY KT A5 5 38 B (0 3 7
NT N GPRI09A 2R iR EHLHIBC R, F PI3K #0151 LY294002 5 AKT i
7 GSK690693 5 T R AP — 252y, WA TdE A R 1T IR ER AP R4 1
F o Xt BUESL TRATMMER Y, BT REHETE GPRIA k44, dhmis
PI3K/AKT i, fmAMEMEITHTET.

3.5 IhNG

gr b, ANRYE Mel J83E N AR Aeromonas S FLHUBE A5y LPS (18 &F I
WEMRW Lachnospiraceae NK44136 KA T RIS &, HEBGEMEIT B
GPR109A/PI3K/AKT {5538, SZMEMALHTIRA, RE&SE/NRINAY)RERE

S
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GO - i BT St
BHE £2Xihie

MEAR R WA —FE R RS, WT URSE RS MO R 57« R 4 FOBERR 2 [ PRt 2
NN = IR R AR 2 —, T RERR A (8] ke B R AR AN 3 = 2 i {@# 5 (Panagiotou et
al., 2021) . /% FE AL 2940 77 K B 1] i HE 1 5 2 712 B 52 1) s 47 L (1) B R R 5 e
R, WA= R R BT RLES, — Tt 78 R IR A 17 77 A R BR A HH BUR &
2D, SEFIRERIEZ, FMERE, RPCGREL, XELHEYR IR, HRIH
WA= PEAEATG B PE R AURE T A WA R, 2021). DAL R G () B AR T T AL A4 fa
(R AERE 2 oG B o PR A & 2% K DA R0 D e ™= A f T s, BASE A — ) e
BRIt 20 KK Th e P~ 42451475 . (Seton and Fitzgerald, 2021 5 Ty A o iff #2527
SIFIEAZ B BB X 3 —, HOF R IR S5 4R5 ) UK, FRR R 3 0 e R IR sk <>
RIS B AR A, 5 KNI ReIE O™ BN (Klinzing et
al.,2019). W& KIEEE N IFERIEK, MRS R R A2 @R, KA ]
AINTEEET 6 /NI IR AR N BB R E R XU 25 35 1 30%  (Sabia et al., 2021). 5t H #if
&, FHRAEN GG IR A 2 75 ARG P fE 20 AR F 10 ) . RS — DA A &
BTGB, T Mel S a SRR BA B RO HERNIRESER, ©25REBIE
2 FpA SRR, HEREIR RS E) . BRI, DA, O IA DhREF1 2 i
ITREEIRE (He et al, 2021), #RBEERFIZARE N2 040, AFE M. #1
R, O RS BT B, BAZIEZ (Liuetal., 2016), XulEKE Mel 52T
BUEDIREA G, IF H Mel SXHUARIIEH BA Rt ma /. 2 HAT Mel XFHEARA
B 5NN B4 F AN B . R LG AT Fd I T S SD AR BN ER IS DA RN A )
KA, FEEI Mel #R3F H T S0k SD 7 S A K b 1 o5as /5 F R P L] .

1. BBEHENDEER RSB RIEDHE T ERSIAHNRERR
R RRER

WHID)RERRRG 18 i T AN A J5 R S B A an D e i, RINICIZ . 1% iz sh 5%
— IR Z T RERZ A0 BT FEAE SRR A 2 5 IR RAE AR AE 2 3 1 KK (Sabia et al.,
2021, PRFRATTE I 2 AT N2 T ER N BRAS R P FN DI RE AT VR4l 23 (R 1Z
BA R 2RI, 20 38R 28 18l TARIC IO S (B S %010 . 5
KK E BEE R VPG AN [F A0 BT /N B 2S [A1 251842 197K F (Thornberry et al., 2021)
FATVRI, S SD /NRAERSTECT S AFAERS, H Rk & 1 8] AR 2 #  2 = T 1E
/N, R SE SD AL EE LR/ ERAELIICIS T B IHETR AL, TR 68 2 )5,
Sk SD /NRAE K G H B RITIK, JRRA T SAAER RIRBEAT 2 T 4R, X3
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2 SD /N REA ICERECE G IALE, R A SR ZAZRIRT I SKE
B R, BATRILEN: SD /MNRAE Y BEF AR BT NE oK. AR
LEAT N 5y e XORIESEN = A RV L, T R B e B RS EAT N
KUY H A A TAEICAZ B (Heredia-Lopezetal., 2016). eAh, #F 50 & I EEARAS
SRR A BRI R A s, R IRATE I B 3758 % Stk SD /NR 1B 2617
ATV o R8N RAE— N3 B S AR RE IR R T A A, /N AP AE R R
FEG LGS, HARR I LLE 2 T, R b o X8 B8 1R Ik (] R EE B9 Bk JRATT Y
gk IR 2 SD /N B R gk B B 4y e A R S B B 4 BE AR R N R, RIS SD
R 51 AR/ BRI AR FEREAT N . (B2 2k SD %/INERZE 8 min P RIIZ B M BE BV A S0,
PR Atk SD X/NRIMIZsh A A M. LIRSS R St SD 3/ N RO AT EE
(IBERS, ALHE 25 (8] TAEICAZ A2 (B S5 10 I B F R R AT A R 4, (H2E SD
Gl RACAZ A BIHLH] M AN 2

UEZTvY Sy N OR3P o VAR O U E S Tl SN 1 DL e 2 S TN L B NI 8
gyt 2 52 SN2 S EB N (X 22—, %0 R 7 B T AN X I AP 48 S0 AH L E
HEABETERL (Yooetal.,,2012). RILHHE TL IR E KK 2 P4 2 GUB00 1 B AL
fite MEITCHES I ER S SD /MRS CAL. CA3 F1 DG X #£4 0 HIAS [FI 2
%K, HHiEE 8 RGBSR & T DUARFRGE /N IR0 . 40 B 5 ek />
P AR M. e RIRRE IR WA & eI IEH ThRE, A& o2 2 sl &
I 55 I 2 B« AR A B A. (Lindroos, 1991). FRATTEE KK B 2% SD
REAZ IR/ D M TC BRI R & e DR, M2 /N BRRTA RN e o /NI 5T 4 A
VR oR I o B B [ A e e A, 4 B i M 22 e is sh i A2 Ak, R 5% ST RS 12 e ) A
KW EYRE . 1 SN R R AN 2 5] i 48 2 S N, S Tt i AN R
M50 (Tsuda, 2019). FEARBFFLH, St SD HUAEE 5] ki B/ i i 4l i b R
Tbal [RIFIEIG N LA AL % 4 KT (TNF-o Al IL-6) [ TH i A48 40 i R 5 (IL-4 Al
IL-10) [IFEAK, R EtE SD S Tl S KA KL,

AR, BATRBLZNE SD /NI Mel KT &4 B E K, 5INFThBERRS
AR A — B DRI FRATTHEN] St SD & ik #ih] Mel [197KF AT 51 A2 1R/ RN En Th
RERRMG . A RAKN Aanar &8 F)RWER TRATRAEN, 2% SD HIAEFEFEC T fa R
1 Aanat WESRIZRIL, T Aanat /& Mel & BV BRERE . 4 TIMEERNE Mel B, &
P SD /NERIFIAFITh AT 15 B2k, JF FOK 2 SD /MR 2R Mel & &K R 2 Xt
HRA K, HZSMENE Mel HI#M 78 IR A e danar FERIFRIE RS . 1XLL45 TR T
SPE SD @ HPHIFA AR Mel BIA BRI LA Mel B8 &, AT 51/ B DR H)
RS, LR —Eh T 2k SD KRS Mel & UG Z BHMH], H A2 NE
PE Mel #MFEHIRZIA . SVRTT S, X805 25 R 2k SD #ifi] Mel 3, S 8N
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JF AR B AL . AR SORE S B ) R AE AN T I K B R AR, AT I Ae) Bl 28] A
AN 8 2250 45 0 SR RS FEAT NI R 2B, ITANEYE Mel [AbFEi@ I Pk & B%
fRH Mel 7K, 23% 1 2k SD % % 1/ BUARIZHRERERS  (H Mel A A% S35 1F F AIAL
il A TE R

2. BEHREMSMERRZHE S/ RIAMIIGERRFREZER LS

A5 R Mel i3 o3 2 SD 1R K AP e F 2, B AR /DN R
WHIDHRERIPERS . 33— TR I 2k SD /) i D& o /i e KE RS T &M,
RANPALTAIRES S T Ao E k. BRI N A 32 BN [F) e i 2 E IR %,
TFR1 1 DMT1 51 5044 8k &5 1 iz 240, FPN 97 57Kk B 7 #4112 ( Yan and Zhang,
2019). JANSERE RGN SD 5l &l LK IZEEMEEL, RIA TFR1 # DMTI
(175, FPN R, 1IX—45 R 5 DA A Xk & + & A S — 5. 1bsh 2tk SD
W FET P ALEE SOD M GPX4 /K- I BFAK LA A g B %84k 74 ROS #1l MDA [#)3
e AR AN B AR 5 T 3L R 2R BH 2k SD %S Tl D& oAb TR 4, T
HMIETE Mel BIRNEREA RN LR FEFR ISk . HR BB IE I 5 A2 R S A o
NIEANEFE T iE s T AE T #2408 (Gurunathan et al., 2020). A TAILZ2E SD
0T /N RIS R MT2/ERK/NRF2 [FJ3RL, SRTMAESMNEME: Mel PIERT, S4E SD
X FAR S E AR A, (R EANFA A MT1 2R A I ZER . Kk
TATHEN Mel BT 5 MT2 52845 G 80E T s 5@ s S SD sl E o
BRAET .

TEARAN, BATHI AP IE T B PR AL Mel XHERBE T (1 2l 2 1F A H ML
Erastin 4bFF HT22 40, 5l#2 T p-ERK Ml NRF2 FIEEKFRITHE, IHEdkgkitiz
BRI ELRIR S ARG N, BT NS ) R . TR LR R BRI Mel
W T FiRTeFRAIZE M. H5ILFEIN, 4P-PDOT. PD98059 F1 ML385 HIALFEAR T Mel
X} Erastin 5 SESET-IMESCEER . L2, 4P-PDOT F1 PD98059 [ 4bFEFH KT T
Mel %} p-ERK W) EU1EA, 1 ML385 % H A semi . £EaI M i ~, Mel
WAEIEIL 5 MT2 ARG A EE TS AE T T IS (Ruietal, 2021). K,
AT SR B Mel 18T 5 MT2 32k 45 6 0% ERK/NRF2 {3 58 2 R IG5 2 Fa A
Hig R4S R T i 29697 St SD B S A K1 Th RE RS .

MRS, X455 E 8] Mel %2 SD # SACIZ G e B/, HHLHIE &
F) Mel HE: S5 T0 L1 MT2 B2k 454, d3Em TS ERK/NRF2 i #5104 #2204
BRARUI AN AU I 247, B s M4 o K& £k . {3 Mel WIMEFINLEIAEE 4 &
MR G
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3. REHZEMSMERRTE S/ BIARIIERER R EEIE RS

TEHE =2 P IRATIESE T Mel X 2tk SD 75 S INENEERG A GE/E T, R H K%
B E R BN . FRATT L5 = AT AT 5T K, 2k SD el S il Wi AL
REPEEA5473, TAMEYE Mel k78 B I8 VK 52 1E 5 1) Jl o A A0l 2t o e 4 D5 465
RIVKAE (Gao et al., 2019). HUARNSANHRE T 20 EAHFZI, TAEY-I-hih 2
()BTt AN (R R 3 428 7 A2 B ] A i o 22T I RATTHEN Mel X 2% SD i R4 n 2%
(G AT REFE AN K B @A, AMEMERN R Mel ] Be I8 5200 4
HEZS B I ThRedt sz AKX 22 R Gt . WA R, Mel eSS A=A B

(He et al.,, 2021). Bk, FATESGEL T FMT BB, S BIEREMRGS ST
Mel X2 SD RN A SGEEER . AT 7 EH /N 2k SD /A
Fe52 Mel 09711 SD /NS EEAE 7 ml B M 4 P A A B R0 R /D B o AT AR 422
Ak SD FEH B A RS HE I 3244 SRR I S5 A BRR A RIAT A8k, A R AR
7R (B Z 25 0L, R AR FERE AT . T35 SD+Mel 0 B BE AL AR I
SRR 5 IR /N R BAT AR — 3, A BRI DI RER IS D . 1X— &5 KR
B BRI B 8 B A e R A SR L SR AT N, IRRIIE R 2 T Mel X afE
SD 753/ B FI 0 B 5 A H

T TIAE I 7 43 T AT & FMT 324K B &5 BT AE i 224k . ek B&, o 2
FEVERN B ZAE1E 45 AR, SD+Mel-FMT 4 15 A= v 55 0T R AR AL Bkab, X R
ZHA SD+Mel-FMT ZHAEAN A 43 287K P L 1 LU OB 7= I e i AR U U Ve A 4 22 5
XERW Mel WANARKE T 2t SD 3/ R IPERMAEYRE. BRI, SD-FMT 4
Bacteroidetes F1 Lachnospiraceae NK4A4136 X E R W EF#AK, T Proteobacteria-
Aeromonas F Oscillibacter #A%T=EFEH N, HEAMRATH I SD-FMT /MR &5 T ER 1
BRA% (ZBRAIANBRTCAEAL), 1 SD+Mel-FMT ZLf T B P15 223 , AR 2 20 R
MK BEE, TN —BIRIA F 018 R S 1 2 5] A 5w 2 o i kAt
TN S BI85« AR, FATR I SD-FMT 4/ RiEE #h4e o R LK
BEHETHER, HAWZIET A TR bR T CON-FMT HH#A B E 2. X4
TATEZE, B W T Re A Il sEM & kAL T S U Az 1. 7228 —
=, WA S B 2t SD /N B S ZH 2L I 22 SORE AN T R, DRI 3RAT 1A
Jip 3 TR A a5 | A AR 8 o T R B . BT RIS RIS R T RATHIASAE,
SD-FMT /)RS5 A 2 b /NS o 40 B 2 I vt Ak, (R R IR Fh sy 028 PRl AR
fRIHT-E M Cleaved caspase-3 A Bax FAIG A T- 8 A Bel-2 RIAFFIKKIILR
1M Mel 677 SD /)N I SE TR A 32 AR B IE AR I R A4 . e RATT, HHEK
Jo 18 R aE e 5] AR S AR BRI S R 2 T NI S BGAAZAR 07, T Mel fefgiEid S
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AL S ERER AR . X —455E T Mel AeiE1E F B A e 4210
g2, R H BARSE LS M ATE 2
3.1 KA T HIE1EEHE—LPS

VY E R AT AR I Proteobacteria /& SD-FMT /R I B, SHUAR JN0E e B %%
DIAEOG, HPEERL s> LPS 243 480 I M B EAE 540 T (Matijasic etal., 2016). fff
FORIMWUARTEIA AL LPS 214 ifi i 57 B (R ae s 1, 3k N RO S 53 55 /08 R I 4
WA AR, SRR SRE M (Carloni etal., 2021). PRI FATTHEDN, Hd= 4 (1) B B
5 LPS /5% 7 2t SD i S H/NRACIZ8i . KILIRATEESL A, veronii € KR AN
LPS ZR e AR HE AT & el 2ot SD /N IAT AR k. AT ZEE] SD-FMT
/B A veronii FEHE/NRE LPS AR/ R FIFER I LPS & & 134 hn -5 /Mg i 4n i
FIVE AL BN BRACTZBE JT R854« T Mel 3035 B435% A. veronii 7E AT LPS A 5[ AT H) L
WAL AR LPS @i 5/NR R 4IMI ) TLRS 2454, WuE T NF-«B @5
RIS, IX AR A AE WA 4 R /> B DA S 3252 A 4 4% /N RIS B RS AR I JE B /N B W 2
#l| (Zhao etal., 2021).

BARKRE, S SD SR T TRRAIMARA LPS KIFFmE, WiaMEME Mel HI#h 781
T BRES B K LPS [7KF, HEEEMEER I IX — i F 2 a8 it 25 98 i o 1 B R R 4%
YEFHI) o IS AAERNG N EB, /N ot 40 A 22 TG 18] R 9% 2R i ANTE 2 o R FRATTE AR A1
oy AR IRk BV2 4Hfi0F0 HT22 4i)id, & 26 A LPS 42 BV2 4 S5E B, 2 J5
H BV2 HyRGFR 403 HT22 4iff. FRATMSS R EIR, LPS e 5] A2 BV2 4HH e % [
T WHINE %, 53 HT22 40 Cleaved caspase-3 & 2k MU0, T BRI N
¥ 7 LPS 520 FR Ak R 2 T BRI BG4 H T LABE TSA S84 o [E#F 1, TAK-
242 F1 PDTC AJ LA T ER I SGEEH o o IR/ AL 5 (1) BV2 4] Big %
NFEAREFREL, iR HT22 4. 45 R o LPS B 5 I 26 h 5 7 2L 5] HT22 41/
TR, TERACEL GBS IR IR 51 #E HT22 4UE T2, 1 TSA AbFE )5 i) HT22 4
fi5 LPS 4025, TAK-242 F1 PDTC b3 5 HT22 A5 T B AL BEZH 12
32MEWMENFE T T—T R

FIUFE AR IRATR I Lachnospiraceae NK4A136 T & SD+Mel-FMT /)N iR AL A
MiZHEE B TRRNEZ — (Lietal., 2021a). KRIEIRATIAN Mel 7] GEE T 55T
M RPESCEAE ] o A T SEX — 548, BATE S ANEEAN 7 T RIS UE AR« 2553
BN TR NS 72t SD S CIZ0 s, FH4ml 1 /MK B 40 i 13 B s
PR TR R A FH& &, T T Cleaved caspase-3 Al Bax H13R1A5, il T Bel-2 I3
Ko AHR TR INFA e S0 SD ilF B Z UL T K. ABBIE, HE
P£ SD /Nl (SD+Mel #1 SD+Abs+Mel 2H) %78 Mel 1 LLR 3 3G/ Mel 1T BRER 17K
-, Mk T R (SD+Abs+Butyrate 41) R AWK E T IR & &, HAREH R SD 5
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EH) Mel Zr il FIRERIRATHR I ENE SD BESHNHIFL FAK Adanar HIEERIRIL,
A AZSMEE Mel 80T R B #b 78 #BA Re s 2tk SD X danar D] . B IEFRATIA
NTBAIEAEEDTNET Mel XtEME SD 5% S0 1205 S E L, i H B4R K 7E
FABLA o AN 2

TR Eh Bl s AR AR IR EAR N R IEMER (Yang etal., 2020b). BEAk
(R F LA Eb 20 1 2 1 ) S AR el e AR i ks, NI T BR RE 4TI NF-«xB i #%
(RIS KAEDTRAER o W AR IR IS ARLENN Th JCAANTE, T2 AR E B AE M4 Tt B3R
Ko GEBRME IR, BATEBL Mel i@t BT BRI S & AIESGEIER, 3
ANKIGH TR —J7hiEid MCT1 #ig R NN A R M R AR, R—rm T
MRiE 54 ot B GPR109A 24445 & 0% PIBK/AKT 18 S Bk o 2t SD i &
AP TOIH TS, AL RN BRI EN D RE I 47 477

BRI S, BATRISF TR 20 SD I8 5| filg L & e IE T-FERBE T, &Rk
g AR XA A e R R, S5 E/NBRINFI DI REFRERS , T Mel —J7 @M 5 MT2
ARG G K ERECSCEEN,, Ao TR A 53— J7 T Mel 83 5 38 )i7iE
FHERIERESCEERN, T IR E 2IFE> LPS &5, SN 5T 40 M )i B2
b, PR TR TR, AR S SD /R A FI DI RERERS .

4. REHREBIERRFHS D EIANRERESHNERER SEZ
ERBY M

AR5 FAER] Mel nf DU BLAE R 2 S R G 2k SD 5 S B AR -
A Mel 2 AEFH T A 5, a2 (A0 I iz ol (e 205 5, S T B s 78 Tl
HLP PTG . AT RIN D RE AR F AT, S AN AT AR eI, 4
FEAR 2 0 I B B R D BEAE SR FOA FN B v BAS U R B . FRATR I EE SD /MR
Vg 5y rh RIS AECE PR B AR TR, 20 RSB TR T TR — M & SR 7k
ST 7 2, TR IE T E S W] R BT 3 DA A2 DX 3 T i 4 B A0 T 5 ) — o B BB T
U5 3o (EREETFINRN, BET R IARSE T RE T 2 (AR — S L A L], L
U1 p53 s 1, BEAT L SHRE TS A Bel-2 KA TS T P M T 586 0 22 4 i 35 1k
FEFIHT. (Wei et al., 2021); AT LAIH] SLCTA1L R MR AT (Liu and
Gu, 2022). F4b, —FhRARFZ=YENRE A GEFIRE SEIC T TR AL, SR
Y A e R e AR D (Wed et al, 201900 FRATTHIBF 0t & IS 7 2k SD /)
BANTE Mel J5, & TP TR T35 3] 1 G .

{EEFE T AN T 2 T2 R R e RIE AT R R M AT 28 . K LI A4 52 T Erastin
(BRFETSHE S5 ALEE/NGRAT SD+Fer-1 (BRFET-HNHIFRD ALHE /N SR PR, @
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or i TR BE T AR S AR AR, IR = AR C R o AT SD ZH A Erastin ZH 1
/N BRI H i By o 22 o0 R R MAEAZ 45493, T SD+Fer-1 /NI AR I Bk AR 1 —
A, FATIEEE] 2N SD 40N Erastin 2H /)8 i S Hh IR 225 RO &R, kil 21
PRI Em AL, [FIRERX 4 5 20 2R B MR UK R 3 T R R 7K
XS5 RSN SD M Erastin ZH5| & 1 LA ITTHEILT:, 51T AL
R — 3. BEE, BATKMAME SD A Erastin FAEE, 5] A2 540 219 Cleaved
caspase-3 F Bax £ [HZRIA MG AT Bel-2 25 A 1IFRIE FFK, KB S% SD A1 Erastin
Wi FMRE T RIRE . AlRE, 41 SD /ANRIMNEMANE Fer-1 J5, HA4HM
FTKP32 28] 746 5RO RKIANL, e b, FBWT REfE i g e 41
g i SE AL AR TS, FBW7 Rl NR4A1 #ll] SCD1 #4535, BEmfestekstr-f
T (Yeetal,,2021). Bk, FATHILGREKM, Tk SD feF LT g ot
T T R A, AT 1 AR AR 28 70 1 5 A/ RO RN DD BEREAS, 17T Fer-1 fA%h 78 1k BH
BRAET MR T2 F R A
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