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Abstract: Objective: To evaluate the therapeutic potential of human milk oligosaccharides (HMOs) in mitigating age-
related intestinal barrier dysfunction using D-galactose-induced aging mouse model. Methods: Aging was induced in mice
via chronic intraperitoneal administration of D-galactose (450 mg/kg body weight [BW]) for 8 weeks. Concurrently, mice
were orally administered HMOs—2'-fucosyllactose (2'-FL), 3'-sialyllactose (3'-SL), and lacto-N-neotetraose (LNnT)—at a
dose of 500 mg/kg BW daily. After 8 weeks, the body weight changes, intestinal organ indices, oxidative stress levels,
intestinal permeability, colonic morphology, and the proliferation and differentiation capabilities of stem cells in mice were

measured and analyzed. Results: Following HMOs intervention, aging model mice demonstrated a pronounced recovery of
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intestinal health, with organ indices exhibiting a significant increase of 27.16%~33.74% (P<0.05). Serum superoxide
dismutase activity increased significantly by 34.82%~99.83% (P<0.001), while malondialdehyde content decreased by
46.21%~61.79% (P<0.05 or P<0.01). Intestinal barrier integrity was reinforced, with FITC-dextran permeability decreasing
by 48.45~62.84% (P<0.05 or P<0.01). Histological analyses revealed remarkable regenerative effects on colonic

architecture, including significant increased in crypt number, crypt depth, proliferating cell nuclear antigen (PCNA)-positive
cell counts, and cell differentiation (P<0.05 or P<0.01). Conclusion: HMOs intervention, particularly with 2'-FL,

significantly enhanced the proliferation and differentiation capabilities of intestinal stem cells in D-galactose-induced aging

mice. It improved the atrophy of colonic crypt morphology, strengthened the intestinal mucus barrier, and reduced intestinal

permeability, thereby ameliorating the aging intestinal barrier.
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Fig.1 Schematic diagram of modeling and intervention in mice
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Fig.2 Effect of HMOs on body weight and intestinal organ index in D-gal-induced aging mice
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Fig.3 Effect of HMOs on oxidative stress levels in D-gal-induced aging mice
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Fig.4 Effect of HMOs on intestinal barrier permeability
in D-gal-induced aging mice
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Fig.5 Effect of HMOs on intestinal morphology in D-gal-induced aging mice
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Fig.6 Effect of HMOs on intestinal proliferation in D-gal-induced aging mice



MRGETE | 45 REFLIRRNIRGE D-FFUMECE /N8 5 s - 417 -

D-gal+2'-FL

D-gal+3'-SL

40 o

] w
S S
l l

FORAII B (A/Fass) @
=
|

o
|

K7 BEFLARSRAEXT D-FFUMECE 2/ N 8 7 R
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HMOs 1l n] LLgkss D->PZUbE TS 80 N BRUisiE 5
TLRETTH T R%E
3 g5

WESFEIEFEZ . IE R EREL,
B R VESSR . NERIE HMOs 358321518 5 Y
BEAE, AR SR D-22UBES0E /N R ARY, 1F
1 HMOs T Hi5 /N Uil i A BEFE AR . SR oK
- i B L S | S feRETT .

FFT R, KHESTEFRIE N D20, 1 kst
RS SRR, B R A A e, 2B
JE AR, P AN I, 9T A28 B L
FIARTE R RTINS . 7 8 JE s rh, Ay
HHI D222 UL 2, Mpid A 2 3], iis e
FEECT . HMOs TG BT ff . [RIEF, A2
71N BRI 77 A8 AE N BEOKS- 35 n, Bt Ak SOD 1% 71
%, 54k MDA & s, 28] D-2ZUHHS 7
Ja, /NERPUEEALEE T AT, 15 Kk A B A AR I
HMOs + #ilJ& , 3X — #3323 5%, o, 2'-FL.,
LNnT FAZRM AP e iE . Yan 552 11
WFFT AL 2'-FL 70 A% /)N B o 38 i | e-3- L,
BR B oAt SOD Y& i, dE ik imiE i A fk
R BT UL, HMOs - #2i35 /)N BV AR 1Y S8 AL N 3
JZBE, TR AP s 36:%) Hg 38 5 e 1) e 3 A B AR .

Ji7 308 5 114 s A b R A AR A (R ) E A A
Z—o FIH FITC-D &AM iz il 1535 2, 45 Rk i
DU A 25 )5, R4/ N [RGB 5 R W
FTXTIELH, 22 HMOs TR, /NEUIZiE 35 R B
FAIG, 2EHH HMOs 1T LIZE MR D- U o= &/ N
il ot e imm g P, B s a2/ N B R SZ
WER S, Horp, 2'-FL #H%Z 3'-SL. LNnT FYMGEERCR
WA, AT B 25 AL 5 H Al SOk i g5 R — 2k, an
Chleilat 4224 fyfifF 5 2B 2'-FL. 3'-SL T Wi n] DA%

AR BRI BT . Wu 2805 (YR sE IESE REFL
R HMOs Refig % 58 Iz 1 5k . Boll 409 (152
Ko gk WAFHAEAR SN 2'-FL. 3FL. LNT il LNT2 A] 4
SCRRBRBRE SRR . X FREH, HMOs 1] LABEE /N ER,
Wi BB SZ P T O, ARG I R TP 9 SZ RS O o
N2 T BB TS HR A i1 - 4n i 2 i il g Ais 2
W sh 11, YR I E B SE R M i TR R . H&
E Ge (o g 3, AL ZH /NEU 25 i B ss 2540, IR 5S
B B EF/ DT EA . £ HMOs T-Hi)5, i3X—%
AEeg, Li 0 iFoT iR HH 2'-FL T HiHA B ot
T B RS R S5 EisG. XULE], HMOs 7]
LIk D12/ NRIBRETE SN2 . i
Bss T 2 & 2B AR A AR AR R BRI T T Al M Y B 4
Srfbad sz B sZ e . X T g R B GE Y s,
PCNA GREnCYL a4 S R, AR ZH (14 14 5 2 i
B 2 R, ULBH D-RRBEA S S R BUNEIGE
AT BE 1 SRR . T HMOs T-HUs £ Bz
TE WA AR, AR HMOs 1] DAk 3% D-2E2LMEE
/N R FE AN AR R RS . iX5 Holscher %517
BT A IR AS— 24, AT TR Rl & /TRy HT-29 488 F0
Caco-2Bbe 4l g L M @& /5 1) Caco-2Bbe 41 2H ik,
Nz B s - S B RS MY, & B HMOs ZbHEHM
HIIETH, I — R HEdE L. 85RA—3K
FA) SRR AT BESEABAT TR AN R ARG NIGIE, F- A 5L
W E N O, 8 T IEwR S, ald&n]
8 HMOs WA RS AR RS2 g5 R . X TigiE
R SR, PAS G SR WoR, AR ZH (AR
DR A R e e S (B T RE 4, X R K A D-
LA 25 FEUN RIS R R . MRIR AT
A¥UAIEE Y mucin 2(MUC2) 2688 1, TE R Eh 5k,
PRI 3 B T B 32 PR 47U A 0 2 591) R 580005 BT 1 12
2821 xR W], MR AH AR s W I I



- 418 - £ Tl B4

2026 4 2 A

DAL 245 S BN BRIz B R 5T Rz 8. HMOs
T F 2 B AR 2 MR B, Horb, 2'-FL B R
R fE, XU HMOs T ik D23 s %
/NERIPARIRE I E i R % . Cheng 557 (A5 38
HH HMOs FYESINTAT LI 58 Caco-2 il MUC2 19
FEik, VAT BB MR A0, 336 58 67 R R D e o
Yao ZEP A EIAERAETE M T, 2'-FL Al LA in MUC2
i) mRNA Fik& . Him, HMOs 7] DA/ Uiz
SyARRE T, BN 2 R E A 38 A0 M AR 41 i)
B

1 D-2PERUBESOE 2/ NRA AL, =SR] 25 14
FY HMOs, Bl 2'-FL. 3'-SL 1 LNnT, ¥ &8l H X i
B G EUR S E AR, Hrb, 2'-FL Xt T &b
BRI GBSO EEAE, AT GRJE T 2'-FL 40 (19 A 3l
Feghfy ., BT HMOs 3= 238 53 18 s Bk R 4V EH,
PRI, FEI A L 44y HMOs ] B4 S fe vt HL R
Fin AR TR B B, T R R RS R S T TE R B 0 )
HE. Weiss 4509 & IS N = v bl L LS (2'-FL, 3"
-FL)XE /N Bz v B ECER B A& 1, BT S ¢
IS EE . LufsRY BT &k e el L ZUbE (2'-FL)
30 A R i T S RN R S i B A A RS TR [ 1A
PR Schalich 552 K& E A bl L ZLME (2'-FL) il i
JoiE A YRR A AN A = A BAE B i e
B I T I8 SNE . Paone 2503 W51 & FUKN 76
AR ERZLVE (2'-FL) WA /N B R R 774 L 48
NS, B 1L SRR B R AUEE . [FIEF, PV SR
0N ST R BN A EERE L ZLYE (2'-FL) 7T LAZZf# LPS
5 AR SSRE N 2 R it . AT UL, 2RG DA B3
MRS S UL EH 5 s I e A m] B2 2'-FL BAT R4
B E 8 R A

5 I, AFRAH D-2F2UE B 2/ BB BRI ER
3T T ANRIGEFA I HMOs 2GS 22 518 B P Ve
Fo W98 %3 HMOs 7T LU D-2R 2S00
FREI I8 28 B 185K, BB I s TEAS, nsmimis 4n
MR GE R 530 RE T, P58 I 18 R BRI, BIliiE
BB, IWIMIGEE B & M E 5 R, o, S i st
ZEF Y HMOs MGE 738 WU AL, SR, 25
R p—Fla, s ARFEFIE HMOs dHTET, [F
A, ABFSE I AN HMOs Bicas 38 2 518 57 B i H LA
WATERAERTE . TR, RS0 FE 28 58 Z TR
AFZIE HMOs 2552 2 18 Bt e i i A2 Fp L] o

© The Author(s) 2026. This is an Open Access article
distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

S0k
[1] KIM J, KIM K M, NOH J H, et al. Long noncoding RNAs in
diseases of aging[J]. Biochimica et Biophysica Acta-Gene Regula-
tory Mechanisms, 2016, 1859(1): 209-221.
[2] DELANO F A, SCHMID-SCHONBEIN G W. Aging by au-

todigestion[J]. PLoS One, 2024, 19(10): ¢0312149.
[3] DU K, DIEHL A M. Ferroptotic stress drives liver aging and
metabolic dysfunction[J]. Nature Aging, 2024, 4(7): 911-912.
[4] JIANG L X, TIAN J, YANG J, et al. p21 Regulates Wnt-
Notch balance via DREAM/MMB/Rb-E2F1 and maintains intesti-
nal stem cell homeostasis[J]. Cell Death Discovery, 2024, 10(1):
413.
[ 5] TICINESI A, SINISCALCHI C, MESCHI T, et al. Gut micro-
biome and bone health: Update on mechanisms, clinical correlations,
and possible treatment strategies[J]. Osteoporosis International,
2025,36(2): 167-191.
[6] REN B, WANG L F, MULATI A, et al. Methionine restric-
tion improves gut barrier function by reshaping diurnal rhythms of
inflammation-related microbes in aged mice[J]. Frontiers in Nutri-
tion, 2021, 8(1): 746592.
(7] %%, &8, FRL F A8 S BES D-FUBR R
A R 6 R AP AR R [T). B S A4, 2024, 45(19): 77-86.
[ YANG P, LI R, LI M J, et al. Protective effects of fermented Lyci-
um barbarum polysaccharides on the intestine in D-galactose-in-
duced aging mouse model[J]. Food Science,2024,45(19): 77—
86. |
[8] GUOXL,LUOIJJ, QIJY,etal. The role and mechanism of
polysaccharides in anti-aging [J]. Nutrients, 2022, 14(24): 5330.
[9] PANW J,SHIL L, REN Y R, et al. Polysaccharide ORP-1
isolated from Oudemansiella raphanipes ameliorates age-associated
intestinal epithelial barrier dysfunction in Caco-2 cells monolayer
[J]. Food Research International, 2022, 162(6): 112038.
[10] LIW S, WANGJ X, LIN Y Y, et al. How far is it from in-
fant formula to human milk? A look at the human milk oligosaccha-
rides[J]. Trends in Food Science & Technology, 2021, 118(1): 374—
387.
[11] HUANG Z Y, LI Y R, LUO Y J, GUO H Y. Human milk
oligosaccharides 3'-sialyllactose and 6'-sialyllactose protect intestine
against necrotizing enterocolitis damage induced by hypoxia[J].
Journal of Functional Foods, 2021, 86(6): 104708.
[12] RYAN JJ, MONTEAGUDO-MERA A, CONTRACTOR N,
et al. Impact of 2'-fucosyllactose on gut microbiota composition in
adults with chronic gastrointestinal conditions: Batch culture fer-
mentation model and pilot clinical trial findings[J]. Nutrients, 2021,
13(3): 938.
[13] MASI A C, EMBLETON N D, LAMB C A, et al. Human
milk oligosaccharide DSLNT and gut microbiome in preterm in-
fants predicts necrotising enterocolitis[J]. Gut, 2021, 70(12): 2273~
2282.
[14] LIJT, WEI'Y P, LIU C, et al. 2'-Fucosyllactose restores the
intestinal mucosal barrier in ulcerative colitis by inhibiting STAT3
palmitoylation and phosphorylation[J]. Clinical Nutrition, 2024, 43
(2):380-394.
[15] LI A, KOUR X, WANG R S, et al. 2'-Fucosyllactose attenu-
ates aging-related metabolic disorders through modulating gut mi-
crobiome-T cell axis[J]. Aging Cell, 2024, 23(9): e14343.
[16] LI A, KOU R, WANG J, et al. 2'-Fucosyllactose ameliorates
aging-related osteoporosis by restoring gut microbial and innate im-
mune homeostasis[J]. Journal of Advanced Research, 2024, 60:
1-16.
[17] WANG J, HU J Q, SONG Y J, et al. 2'-Fucosyllactose ame-
liorates oxidative stress damage in D-galactose-induced aging mice
by regulating gut microbiota and AMPK/SIRT1/FOXO1 pathway
[J]. Foods, 2022, 11(2): 151.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.bbagrm.2015.06.013
https://doi.org/10.1016/j.bbagrm.2015.06.013
https://doi.org/10.1016/j.bbagrm.2015.06.013
https://doi.org/10.1016/j.bbagrm.2015.06.013
https://doi.org/10.1016/j.bbagrm.2015.06.013
https://doi.org/10.1371/journal.pone.0312149
https://doi.org/10.1038/s43587-024-00654-8
https://doi.org/10.1038/s41420-024-02192-z
https://doi.org/10.1007/s00198-024-07320-0
https://doi.org/10.3390/nu14245330
https://doi.org/10.3390/nu13030938
https://doi.org/10.1136/gutjnl-2020-322771
https://doi.org/10.1016/j.jare.2023.07.009
https://doi.org/10.3390/foods11020151

%478 %3

MRGETE | 45 REFLIRRNIRGE D-FFUMECE /N8 5 s - 419 -

[18] WANG J, CHEN M S, WANG R S, et al. Current advances
in structure-function relationships and dose-dependent effects of hu-
man milk oligosaccharides[J]. Journal of Agricultural and Food
Chemistry, 2022, 70(21): 6328—6353.

[19] SAHU Y, JAMADADE P, CH MAHARANA K, et al. Role
of mitochondrial homeostasis in D-galactose-induced cardiovascu-
lar ageing from bench to bedside[J]. Mitochondrion, 2024, 78:
101923.

[20] WEIM X, WU Y M, CHEN D Z, et al. Changes of free radi-
cals and digestive enzymes in saliva in cases with deficiency in
spleen-yin syndrome[J]. Journal of Biomedical Research, 2010, 24
(3):250-255.

[21] LINY Y,LUY, WANG Y Q, et al. The regeneration of in-
testinal stem cells is driven by miR-29-induced metabolic repro-
gramming [J]. Engineering, 2024, 42(11): 39-58.

[22] JASPER H. Intestinal stem cell aging: Origins and interven-
tions[J]. Annual Review of Physiology, 2020, 82: 203—226.

[23] YANSK,YULL, TIAN F W, et al. 2'-Fucosyllactose alle-
viate immune checkpoint blockade-associated colitis by reshaping
gut microbiota and activating AHR pathway[J]. Food Science and
Human Wellness, 2024, 13(5): 2543-2561.

[24] CHLEILAT F, KLANCIC T, MA K, et al. Human milk
oligosaccharide supplementation affects intestinal barrier function
and microbial composition in the gastrointestinal tract of young
sprague dawley rats[J]. Nutrients, 2020, 12(5): 1532.

[25] WURY, BOTTS S R, JOHNSON-HENRY K C, et al. Vari-
ations in the composition of human milk oligosaccharides correlates
with effects on both the intestinal epithelial barrier and host inflam-
mation: A pilot study [J]. Nutrients, 2022, 14(5): 1014.

[26] BOLL E J, LOPEZ D V, TERNE M, et al. Human milk
oligosaccharides differentially support gut barrier integrity and en-
hance Th1 and Th17 cell effector responses in vitro[J]. Frontiers in
Immunology, 2024, 15: 1359499.

[27] HOLSCHER H D, BODE L, TAPPENDEN K A. Human

milk oligosaccharides influence intestinal epithelial cell maturation
in vitro[J]. Journal of Pediatric Gastroenterology and Nutrition,
2017, 64(2): 296-301.

[28 ] CHENG L H, KONG C L, WALVOORT M T C, et al. Hu-
man milk oligosaccharides differently modulate goblet cells under
homeostatic, proinflammatory conditions and ER stress[J]. Molecu-
lar Nutrition & Food Research, 2020, 64(5): 1900976.

[29] YAOQQ,LIHY, GAO Y A, et al. The milk active ingredi-
ent, 2'-fucosyllactose, inhibits inflammation and promotes MUC2
secretion in LS174T goblet cells in vitro[J]. Foods, 2023, 12(1):
186.

[30] WEISS G A, CHASSARD C, HENNET T. Selective prolifer-
ation of intestinal Barnesiella under fucosyllactose supplementation
in mice[J]. The British Journal of Nutrition, 2014, 111(9): 1602~
1610.

[31] LUHQ,LIQQ, ZHOU Z N, et al. The protective effect of
2'-fucosyllactose on LPS-induced colitis suckling mice by ameliorat-
ing intestinal inflammation and modulating gut microbiota[J]. Food
Bioscience, 2023, 51(1): 102317.

[32] SCHALICH K M, BUENDIA M A, KAUR H, et al. A hu-
man milk oligosaccharide prevents intestinal inflammation in adult-
hood via modulating gut microbial metabolism[J]. Microbiology
and Infectious Diseases, 2024, 15(4): €00298—24.

[33] PAONE P, LATOUSAKIS D, TERRASI R, et al. Human
milk oligosaccharide 2'-fucosyllactose protects against high-fat diet-
induced obesity by changing intestinal mucus production, composi-
tion and degradation linked to changes in gut microbiota and faecal
proteome profiles in mice[J]. Gut, 2024, 73(10): 1632—1649.

[34] FMPR, F47, BAL, £ 2- 2 B BASUEL M LPS £ %
o 2m 0 K g . K A ARG 6 S R AR R (T]. R AR L R F AR,
2024,47(6): 1130-1138. [SUN W L, LI X, MU C L, et al. Func-
tion of 2'-fucosyllactose in alleviating LPS-induced cellular inflam-
matory response and barrier damage[J]. Journal of Nanjing Agricul-
tural University, 2024, 47(6): 1130—1138. ]


https://doi.org/10.1021/acs.jafc.2c01365
https://doi.org/10.1021/acs.jafc.2c01365
https://doi.org/10.1016/j.mito.2024.101923
https://doi.org/10.1016/S1674-8301(10)60035-8
https://doi.org/10.1146/annurev-physiol-021119-034359
https://doi.org/10.26599/FSHW.2022.9250205
https://doi.org/10.26599/FSHW.2022.9250205
https://doi.org/10.3390/nu12051532
https://doi.org/10.3390/nu14051014
https://doi.org/10.3389/fimmu.2024.1359499
https://doi.org/10.3389/fimmu.2024.1359499
https://doi.org/10.1097/MPG.0000000000001274
https://doi.org/10.3390/foods12010186
https://doi.org/10.1017/S0007114513004200
https://doi.org/10.1136/gutjnl-2023-330301

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 动物分组、造模与给药
	1.2.2 肠道器官指数
	1.2.3 生化指标检测
	1.2.4 肠道屏障渗透率检测
	1.2.5 结肠组织病理学检测
	1.2.6 增殖检测
	1.2.7 结肠组织分化检测

	1.3 数据处理

	2 结果与分析
	2.1 HMOs对D-半乳糖致衰老小鼠生理指标的影响
	2.2 HMOs对D-半乳糖致衰老小鼠生化指标的影响
	2.3 HMOs对D-半乳糖致衰老小鼠肠道屏障渗透率的影响
	2.4 HMOs对D-半乳糖致衰老小鼠肠道形态的影响
	2.5 HMOs对D-半乳糖致衰老小鼠肠道增殖的影响
	2.6 HMOs对D-半乳糖致衰老小鼠肠道分化的影响

	3 讨论与结论
	参考文献

