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Abstract: The integrity of the intestinal barrier is the basis of physiological function of the intestine, which is
essential for maintaining nutrient absorption, antigen exclusion, and immune homeostasis. High—altitude environments are
characterized by hypobaric hypoxia and are often complicated by combined stresses such as cold, intense ultraviolet
radiation, increased physical exertion, dehydration, and dietary changes. These factors may lead to synergistic dysfunction
of the mechanical, chemical, immune, and biological barriers of the intestine, thereby inducing local or systemic
inflammatory responses. Current evidence indicates that high—altitude—related intestinal barrier injury is not driven by a
single pathway but is co—mediated by multiple factors: aberrant activation of hypoxia—inflammation signaling pathways,
including hypoxia—inducible factor-la (HIF-1a) and nuclear factor-«kB (NF-kB) ; synergistic enhancement of Notch
and Wnt/B —catenin signaling pathways leading to goblet cell reduction and insufficient mucin 2 (MUC2) secretion;
imbalance of T helper 17/regulatory T cells (Th17/Treg) and activation of the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome; as well as gut microbiota dysbiosis and weakened protective effects of short—chain
fatty acids (SCFAs). This article systematically reviews the molecular mechanisms underlying high—altitude—induced

intestinal barrier injury, and proposes a multi—-mechanism synergistic model under the “adaptation-decompensation”
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framework on this basis. Combined with scenarios of acute high—altitude exposure, it summarizes the evidence progress

and limitations of intervention strategies of ameliorating intestinal barrier injury, aiming to provide a theoretical basis and

practical reference for the prevention and intervention of high—altitude—related intestinal injury.

Key words: intestinal barrier; high—altitude environment; gut microbiota; injury mechanisms; multi-mechanism

synergistic model; intervention strategies
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IECs: intestinal epithelial cells; TJ: tight junction; LPS: lipopolysaccharide; MUC2: mucin2; DAO: diamine oxidase; D=LA: d-lactate; Th17/Treg:

T helper 17/regulatory T cells; slgA: secretory IgA; SCFAs: short chain fatty acids; TLR4: Toll-like receptor 4; HIF-1a: hypoxia—inducible factor la;

iNOS: inducible nitric oxide synthase; NO: nitric oxide; NOS: nitric oxide synthase; ZO-1: zonula occludens—1; NF-kB: nuclear factor kappa—B; TNF-

a: tumor necrosis factor—a; [IFN—7y: Interferon—7y; IL-6: interleukin—6; MLCK: myosin light chain kinase; MLC: myosin light chain; RhoA: ras homolog

family member A; ROCK: rho—associated coiled—coil containing protein kinase. This figure was drawn by Adobe Illustrator.
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Fig. 1 Mechanisms of intestinal mechanical barrier injury
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Fig. 2 Mechanisms of intestinal chemical, immune, and biological barrier injury
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profile for intestinal barrier injury at high altitude

Category Key measures

Main mechanisms Evidence/limitations

Reduce acute hypobaric hypoxia,

Graded ascent, pre—acclima-
Exposure and o
. L tization, and no strenuous ac-
acclimatization L i -
tivity in the first 48 h

Highly applicable, but randomized hu-

splanchnic hypoperfusion, and in-

man trials with intestinal barrier end-

flammatory amplification at the

- points are lacking
source

Closest to clinical translation, but stud-

Modulate gut microbiota and metabo-

i i Probiotics'”" and fermentable
Microbiota—targeted

dietary fiber'™

barrier homeostasis

Inhibit inflammatory amplification

pathways such as TLR4/NF-«kB, al-

) Nitrate™”, tryptophan'™’,

Dietary i ) )
. . and citrus tangerine pith ex-
interventions :

[74]

tract

Drugs and PDTC" and selenium
candidates nanoparticles "’

tain TJ stability

Exert anti—inflammatory and antioxi-
dant effects, improve the microbio-

ta—metabolite axis, and maintain

leviate oxidative stress, and main-

ies remain limited by small sample

lism, stabilize T]s, and attenuate

size, short exposure, and endpoints

inflammation and oxidative

- partly focused on oxygenation or alti-
stress R
tude acclimatization

Evidence derives largely from animal
studies, with few clinical trials using
intestinal barrier outcomes as primary

L endpoints

Still mainly limited to preclinical stud-
ies; evidence on dose window, safety,
and altitude—specific applicability re-

50,75 P S
[0, %) mains insufficient

TJs: tight junction proteins; TLR4/NF-kB: Toll-like receptor 4/nuclear factor kappa—B; PDTC: pyrrolidine dithiocarbamate.
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