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Probiotics improve intestinal
Ischemia—reperfusion injury: a
systematic review and
meta-analysis

Zicen Zhao?, Yuxuan Wu?, Yufang Leng**, Liya Chang?,
Yu Wang?, Dongbin Li* and Yang Xing*

The First Clinical Medical College, Lanzhou University, Lanzhou, China, Clinical Medicine
Department, Fenyang College of Shanxi Medical University, Fenyang, China, *The Department of
Anesthesiology, The First Hospital of Lanzhou University, Lanzhou, China

Background: Intestinal ischemia—-reperfusion injury (IRl) is a common
complication of intestinal surgery and carries the risk of patient death. The
treatment of intestinal IRl is an important direction of current research. This
study aimed to analyze animal experiments and thus investigate the effects of
probiotics administration on intestinal IRl and its mechanisms.

Methods: We included a total of 12 studies from 5 databases (PubMed, Web
of Science, Cochrane, Embase, and Scopus), incorporating outcome metrics
including Chiu’'s score, levels of malondialdehyde (MDA), myeloperoxidase (MPO)
tumor necrosis factor-alpha (TNF-a), IL-6, IL-1p, occludin, zonula occludens-1
(ZO-1), FITC-dextran and intestinal bacteria (Lactobacillus, Bacteroides and
Bifidobacteria). Statistical analysis was performed using Review Manager 5.3.

Results: We found that probiotic-added animals had less intestinal damage
after IRl compared to controls, as evidenced by a more intact intestinal barrier
[occludin (2.83, 95% CI: 146 to 4.20, p < 0.0001), ZO-1 (3.30, 95% CI: 1.58 to
5.01, p = 0.0002) and FITC-dextran (—3.83, 95% Cl: —=5.83 to —2.29, p < 0.0001)],
lower Chiu score (-1.83,95% Cl: —2.47 to —1.20, p < 0.0001), fewer inflammatory
factors [IL-6 (—2.19, 95% ClI: —3.98 to —0.39, p = 0.02), TNF-a (-2.24, 95% CI:
—4.15to —0.33, p = 0.02)], and lower levels of oxidative stress [MDA (-2.46, 95%
Cl: =4.62 to —0.30, p = 0.03), MPO (-0.97, 95% CI: -1.77 to —0.17; p = 0.02)].
In addition, probiotic supplementation increased the relative abundance of
Lactobacillus (0.90, 95% Cl: 0.33 to 148, p = 0.002) and Bacteroides (0.81, 95%
Cl: 0.14 to 149, p = 0.02), thus maintaining the stability of the gut microbiota.

Conclusion: In conclusion, the mechanisms by which probiotic therapy
attenuates intestinal IRl may be related to decreased levels of inflammation and
oxidative stress, increased probiotic abundance, and increased expression of
tight junction (TJ) proteins.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/view/
CRD42024577459.
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1 Introduction

Intestinal IRI is a severe clinical condition that frequently arises
as a complication of intestinal surgeries and critical illnesses, such as
traumatic shock, severe burns, and strangulated bowel obstruction (1).
The pathophysiology of intestinal IRI involves two distinct phases: an
ischemic phase, during which blood flow to the intestines is restricted,
and a reperfusion phase, during which the restoration of blood flow
paradoxically exacerbates tissue damage. This process results in
intestinal epithelial cell injury, oxidative stress, disruption of the
intestinal barrier, interstitial edema, and the release of inflammatory
mediators (2). These events can trigger systemic inflammatory
response syndrome (SIRS), which may progress to multi-organ
dysfunction and even death (3). Despite advances in surgical
techniques and critical care management, intestinal IRI remains
associated with high morbidity and mortality rates, underscoring the
urgent need for effective therapeutic interventions.

Recent studies have highlighted the pivotal role of the gut
microbiota in the pathogenesis of intestinal IRI (4). Ischemia-
reperfusion disrupts the balance of the intestinal microbiota, leading to
dysbiosis characterized by the overgrowth of pathogenic bacteria, such
as Escherichia coli, and a reduction in beneficial bacteria, such as
Lactobacillus. This microbial imbalance exacerbates intestinal
inflammation by activating the immune system and promoting a strong
pro-inflammatory response (1). Probiotics, as modulators of the gut
microbiome, have emerged as a promising therapeutic strategy to
counteract these effects. Probiotics are commensal microorganisms that
naturally reside in the gastrointestinal tract, with major genera including
Lactobacillus, Bifidobacterium, Enterococcus, and Escherichia coli (5,
6). These beneficial microbes play a critical role in maintaining intestinal
homeostasis by inhibiting the colonization of pathogenic bacteria,
restoring microbial balance, enhancing intestinal barrier function, and
modulating immune responses (7). In recent years, probiotics have
gained increasing attention for their ability to modulate the immune
system and maintain intestinal integrity, leading to their widespread use
in the prevention and treatment of various diseases (8). Notably,
probiotics have demonstrated significant potential in mitigating the
effects of intestinal IRI. For instance, Bifidobacterium longum has been
shown to attenuate IRI-induced inflammation and oxidative stress by
inhibiting the NF-kB inflammatory pathway and activating the Keap1/
Nrf2 signaling pathway, thereby reducing intestinal tissue damage in rat
models (9). These findings highlight the therapeutic potential of
probiotics in managing IRI and its associated complications.

Although some studies have investigated the role of probiotics in
intestinal IRI, the current body of evidence remains limited, and the
precise mechanisms underlying their protective effects are not yet fully
understood. Therefore, this meta-analysis aims to systematically
evaluate the effects of probiotic therapies in animal models of
intestinal IRI. By synthesizing the available evidence, this study seeks
to establish a foundation for future clinical trials and to inform the
development of novel therapeutic strategies targeting the gut
microbiome for the effective management of intestinal IRI.

2 Methods

This study has been registered with the Prospective Registry for
Systematic Reviews platform (PROSPERO; registration ID:
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CRD42024577459), and all relevant information and modifications
have been documented.

2.1 Search strategy

We conducted a comprehensive literature search in the
following databases: PubMed, Web of Science, Cochrane Library,
Embase, and Scopus. The search utilized the terms “ischemia-

s

reperfusion injury, ““intestines, “and “probiotics” to retrieve all
relevant literature (as detailed in Supplementary Table 1). The
search was performed independently by two authors, Zicen Zhao

and Yuxuan Wu.

2.2 Inclusion and exclusion criteria

Inclusion criteria: (1) Studies that utilized models of intestinal

ischemia-reperfusion involving superior mesenteric artery
occlusion (regardless of species or gender); (2) Research that was
designed to examine changes in factors related to probiotics.
Exclusion criteria: (1) Studies that involved animals with pre-existing
comorbidities; (2) In vitro studies or computer simulations; (3)
Intestinal ischemia-reperfusion models that did not employ
superior mesenteric artery occlusion; (4) Studies that lacked
accessible data or from which data could not be extracted; (5)

Duplicate publications.

2.3 Data collection

Data were independently extracted from each relevant article
by two authors, Zicen Zhao and Yuxuan Wu, using a standardized
data extraction form that was developed for this purpose. The
authors initially attempted to extract numerical data from the text,
tables, or figures. If data were not reported in these formats,
WebPlotDigitizer was employed to extract information from
graphical representations. The extracted data included
the following:

Study information: First author, year of publication, language,
and country.

Animal characteristics: Species, gender, age, and weight.

Model details: Duration of ischemia-reperfusion (including
clamping and unclamping times of the superior mesenteric artery),
anesthetic agents used, probiotic strains administered, dosages, and
intervention methods.

Outcome measures: Chiu’s score, intestinal levels of MDA, MPO,
occludin, ZO-1, FITC-dextran and intestinal microbiota composition
(Lactobacillus, Bacteroides, and Bifidobacteria), as well as serum levels

of IL-1f, IL-6 and TNF-a.

2.4 Data analysis
2.4.1 Risk of bias assessment

Two authors, Liya Chang and Dongbin Li, independently
evaluated the included studies using the Systematic Review Center for
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Laboratory Animal Experiments (SYRCLE) risk of bias tool (10). Any
disagreements between the authors were resolved through discussion
or with input from a third author, Yang Xing.

2.4.2 Assessment of heterogeneity

Heterogeneity was assessed using the I” statistic. An I* value of <
50% indicated small heterogeneity, prompting the use of a fixed-
effects model. Conversely, an I* value of > 50% suggested significant
heterogeneity, warranting the application of a random-effects model.
An I* value of > 75% was considered substantial heterogeneity (11).

2.4.3 Data analysis

Data were synthesized using Review Manager (RevMan)
version 5.4 software. The standardized mean difference (SMD) with
a95% confidence interval (CI) was employed to analyze continuous
data (11). In instances where I*>50%, potential sources of
heterogeneity were explored through subgroup analyses and
sensitivity analyses within the meta-analysis framework. If I > 5%

10.3389/fmed.2025.1546650

and the cause of heterogeneity remained undetermined, a
descriptive analysis was conducted. Additionally, funnel plots were
generated when more than 10 studies were included to assess
publication bias.

3 Results
3.1 Study selection

A total of 1873 articles were retrieved from the five databases.
Following the removal of 991 duplicates, 860 articles were excluded
after reviewing titles and abstracts. The remaining 22 articles were
assessed in full independently by two authors. These articles were
evaluated based on the predetermined inclusion and exclusion
criteria, resulting in the inclusion of 12 studies (9, 12-22). The
retrieval process is illustrated in Figure 1.

Identification of studies via databases
Records identified from*:
=
<] PubMed (n = 292) Records removed before
E Web of Science (n = 671) N screening:
S Cochrane (n = 11) " Duplicate records removed
°
= Embase (n = 484) (n=991)
— Scopus (n = 415)
( ) \ 4
, Records excluded**
Records screened (n = 860)
(n = 882)
E I
£
:
7] Reports assessed for eligibility RSApOIES: AXCRUCeE
0 (n=22) S = Review,convention(n = 2)
Not superior mesenteric
artery model (n=5)
Probiotics combined with
— other medications (n = 3)
v
3
% Studies included in review
£ (n=12)
FIGURE 1
Article screening flowchart.
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3.2 Basic characteristics of the included
studies

The final analysis comprised 12 studies involving a total of 186
animals. We summarized the key characteristics of the included
studies, which are detailed as follows: (1) first author; (2) year of
publication; (3) language; (4) species and gender of the animals; (5)
age and weight of the animals; (6) duration of ischemia/reperfusion;
(7) anesthetic agents used (Table 1).

3.3 Quality assessment of research

The quality of the 12 studies was assessed independently using
the 10-item system outlined in the SYRCLE risk of bias tool, and the
results are presented in Figure 2. The majority of the studies received
scores of 6 or above, indicating satisfactory study quality. All
animals were randomized, and complete outcome data were
reported in each study, with no indication of selective reporting.
However, half of the studies were classified as having unclear
randomization. None of the studies specified the methods of
blinding or concealment of allocation order implemented for trial
Overall, the included studies

caregivers and researchers.

demonstrated moderate quality.

10.3389/fmed.2025.1546650

3.4 Probiotic supplementation attenuated
ischemia—reperfusion-induced intestinal
injury

To assess the impact of probiotics on intestinal ischemia—
reperfusion injury, Chiu’s score was selected as the primary
outcome measure. Five studies evaluated Chiu’s score, revealing a
significant reduction in the probiotic group compared to the control
group, with a mean difference of (—1.83, 95% CI: —2.47 to —1.20,
p < 0.0001), suggesting that probiotics attenuated intestinal tissue
damage. Notably, heterogeneity (I*> =0) decreased when Chiu’s
score was analyzed by the country of study, indicating that
geographic variability may have contributed to the heterogeneity
observed in Chiu’s score (Figure 3).

3.5 Effectiveness of secondary indicators

‘We examined intestinal levels of MDA, MPO, occludin, ZO-1 and
FITC-dextran, as well as the composition of the intestinal microbiota,
including Lactobacillus, Bacteroides, and Bifidobacterium. In
addition, we assessed serum levels of IL-1f, IL-6, and TNF-a. These
indicators were used as secondary outcome measures.

N Unclear risk

. Low risk

Sequence generation
Baseline characteristics
Allocation concealment

Random housing

z @® 2 @ @ Duranti 2018

z @ z @ =z Wang 2013
z ® z2 @ @® Hu2022

Blinding of experimentalists
Random outcome assessment
Blinding of outcome assessors

Incomplete outcome data

Selective outcome reporting

Other sources of bias

~ OO OO =z ® =z ® @ akesevic 2011

S N N N
~ 090000 =

Total points

FIGURE 2

Overall quality of included studies assessed with SYRCLE risk of bias assessment tool.

@ High risk

~ 0000 =

Z Salim 2013

z ® 2 @® @® Vang 201
z @ z @ @ Hakansson 2006

z
z @ 2z @ =z Gao 2024
z . z . z Takayama 2022
z @ z @ =z Tang 2023
z @ 2z @ =z Tang 2024
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TABLE 1 Characteristics of included studies.

Country Language Species / Age /Weight I/R duration Anesthetic Probiotic strains/ Intervention
Gender Dosage method
7.5 mg Ketamine (50 mg/mL) and
Jakesevic 2011 L. plantarum
Sweden English BALBcJ /Male U/20g 30 min/4 h 2.5 mg Xylazine (20 mg/ Feed
(12) HEAL19/1-10% cfu per day
mL)/100 g
Ketamine (120 mg/kg, Bifidobacteria/1-10° cells in
Wang 2013 (13) China English BALBc /Male 6~8w/20~25¢g 60 min/3 h Oral ingestion
intraperitoneally) 0.2 mL for 2w
B. bifidum PRL2010/10° cells
Duranti 2018 (14) Italy English Swiss /Female U/18~25¢g 45 min/5h Pentobarbital (70 mg/kg i.p.) U
per day for 5d
Lactobacillus murinus/7d with
Hu 2022 (15) China English C57BL6]J /Male 6~8w/20~25g 60 min/2 h 4% Isoflurane Gavage
200 pL 6.8 x 10° CFU
Lactobacillus plantarum
Wang 2011 (16) China English SD /Female 6 mth /180 ~220 g 30 min/4 h Ketamine (100 mg/kg, i.p.) Gavage
L2/14d with 2¥10" CFU
7.5 mg Ketamine (50 mg/mL) and
Hékansson 2006 L. plantarum DSM
Sweden English BALBcJ /Male U/20g 30 min/4 h 2.5 mg Xylazine (20 mg/ U
(17) 9843/1 mL,10° CFU
mL)/100 g
ketamine (120 mg/kg) and
Salim 2013 (18) Canada English 129SvEv /Male U 60 min/2 h VSL#3 probiotics/3 mg/mL Gavage
xylazine (16 mg/kg)
Akkermansia muciniphila
Gao 2024 (19) China English C57BL6]J /Male 6~ 8w /U 30 min/U Isoflurane Oral ingestion
200 pL 1#10° CFUs/mL
Takayama 2022 ketamine (100 mg/kg) and Lactobacillus bulgaricus and
Japan English ICR/ Male 5w/U 30 min /24 h Feed
(20) xylazine (10 mg/kg) Streptococcus thermophiles
Lactiplantibacillus plantarum
Tang 2023 (21) China English SD /Male 8w/U 45 min/2 h U GLO001 1#10° CFU/mL per Oral ingestion
day
Bifidobacterium longum
Tang 2024 (9) China English SD /Male 8w/U 45 min/2 h U GL001 1*#10° CFU/mL per Oral ingestion
day
2.5% 2,2,2-Tribromoethanol Saccharomyces cerevisiae
Chen 2024 (22) China English C57BL6]J /Male 8-10w/U 30 min/6 h Gavage
100-150 puL (ATCC204991) 108 CFU

SD, Sprague-Dawley; ICR, Institute of Cancer Research; U, unclear; min, minute(s); h, hour.
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Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
1.2.1 China
Chen 2024 1.8 0.77 6 3 061 6 21.5% -1.59[-2.97,-0.22] _—
Hu 2022 2.31 0.68 8 4.17 0.686 6 17.2% -2.55[-4.09,-1.01] ————
Wang 2011 2.31 0.68 8 4.17 0.79 8 21.7% -2.39[-3.75,-1.02] —_—
Wang 2013 2.136929 0.54 8 3.7344398 0.7 8 21.5% -2.42[-3.79,-1.04] e —
Subtotal (95% CI) 30 28 81.9% -2.22[-2.92,-1.52] e
Heterogeneity: Chi? = 1.11, df = 3 (P = 0.77); I = 0%
Test for overall effect: Z = 6.18 (P < 0.00001)
1.2.2 Italy
Duranti 2018 4.25 0.5 4 433 1.15 3 18.1%  -0.08[-1.58, 1.42] -
Subtotal (95% CI) 4 3 18.1% -0.08 [-1.58, 1.42] | —conii——
Heterogeneity: Not applicable
Test for overall effect: Z = 0.11 (P = 0.91)
Total (95% CI) 34 31 100.0% -1.83[-2.47,-1.20] s
Heterogeneity: Chi? = 7.52, df = 4 (P = 0.11); I’ = 47% _54 —+ ) é j‘
Test for overall effecllz Z=5.64 (P. < 0.00001) Favours [Probiotics] Favours [control]
Test for subgroup differences: Chi? = 6.41, df = 1 (P = 0.01), I = 84.4%
FIGURE 3
Forest plot of meta-analysis of all studies testing Chiu’s score.

A Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight \'A d 95% CI v, d 95% CI
1.1.1 ischemic 30min
Hakansson 2006 23.28 2.59 8 23.15 2.1 8 22.8% 0.05 [-0.93, 1.03] -
Jakesevic 2011 13.73 1.17 9 12.44 2.7 9 22.8% 0.59 [-0.36, 1.54] ™
Subtotal (95% CI) 17 17 45.6% 0.33 [-0.35, 1.01] >
Heterogeneity: Tau? = 0.00; Chi’ = 0.60, df = 1 (P = 0.44); I’ = 0%
Test for overall effect: Z = 0.95 (P = 0.34)
1.1.2 ischemic 45min
Duranti 2018 400 139.75 8 577.64706 529.09 8 22.7% -0.43 [-1.43, 0.56] -
Tang 2023 1.7 0.09 9 2.4 0.12 9 18.1% -6.29 [-8.79, -3.79] —_—
Tang 2024 1.89 0.04 9 2.43 0.06 9 13.6% -10.09 [-13.93,-6.25] ————
Subtotal (95% CI) 26 26 54.4% -5.38 [-11.10, 0.34] ——m—
Heterogeneity: Tau? = 23.71; Chi? = 37.45, df = 2 (P < 0.00001); I = 95%
Test for overall effect: Z = 1.84 (P = 0.07)
Total (95% CI) 43 43 100.0% -2.46 [-4.62, -0.30] <
Heterogeneity: Tau? = 5.08; Chi? = 50.72, df = 4 (P < 0.00001); I = 92% _io _‘5 ) ; 1‘0
Test for overall effect: Z = 2.23 (P = 0.03) F Probioti F trol
Test for subgroup differences: Chi’ = 3.78, df = 1 (P = 0.05), I’ = 73.5% avours[Problatics] Favours icontrol]
B Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Duranti 2018 81.944444 28.74 8 131.481481 72.01 8 59.6% -0.85([-1.89,0.18] —
Salim 2013 0.70422 0.11 6 1.26761 0.64 6 40.4% -1.13[-2.39,0.13] —_——
Total (95% CI) 14 14 100.0% -0.97 [-1.77,-0.17] il
Heterogeneity: Chi’ = 0.11, df = 1 (P = 0.74); I’ = 0% _:2 _:1 S 1 ¥
Test for overall effect: Z = 2.37 (P = 0.02) Favours [Probiotics] Favours [control]
FIGURE 4
Forest plot of meta-analysis of all studies detecting MDA and MPO. (A) Forest plot of MDA levels in intestinal tissue. (B) Forest plot of MPO levels in
intestinal tissue.

3.5.1 Probiotic supplementation attenuated
ischemia—reperfusion-induced oxidative stress

Five studies assessed MDA as a marker of oxidative stress. MDA
served as a measure of oxidative stress, and our analysis of all literature
measuring MDA indicated that MDA levels decreased in the probiotic
group compared to the control group (—2.46, 95% CI: —4.62 to —0.30,
p=0.03) (Figure 4A). Additionally, elevated levels of MPO were
associated with increased oxidative stress. Two studies analyzed MPO
levels, and the probiotic group demonstrated a reduction in MPO
expression (—0.97, 95% CI: —1.77 to —0.17; p = 0.02) compared to
controls (Figure 4B).

Frontiers in Medicine 06

3.5.2 Probiotic supplementation attenuated
ischemia—reperfusion-induced intestinal barrier
disruption

Six studies evaluated the expression of tight junction (T7)
proteins (occludin and ZO-1), three studies examined the levels of
FITC-dextran, an indicator of intestinal permeability. Integrated
analyses demonstrated a significant increase in the expression levels
of occludin (2.83, 95% CI: 1.46 to 4.20, p < 0.0001) and ZO-1 (3.30,
95% CI: 1.58 to 5.01, p = 0.0002) in the probiotic group compared
to controls (Figures 5A,B). Figure 5C showed that the level of FITC-
dextran (—3.83, 95% CI: —5.83 to —2.29, p <0.0001) was
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Test for overall effect: Z = 4.05 (P < 0.0001)
Test for subgroup differences: Chi? = 5.83, df = 2 (P = 0.05), I’ = 65.7%

A Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI
1.3.1 ischemic 30min
Chen 2024 1.54 0.03 6 1 0.23 6 19.8% 3.04 [1.17, 4.91] -
Gao 2024 0.891 0.07 10 0.58 0.064 10 20.5% 4.44 [2.67, 6.21] -
Subtotal (95% CI) 16 16 40.3% 3.77 [2.40, 5.15] L 2
Heterogeneity: Tau? = 0.12; Chi’ = 1.14, df = 1 (P = 0.29); I’ = 12%
Test for overall effect: Z = 5.39 (P < 0.00001)
1.3.2 ischemic 45min
Tang 2023 0.19 0.01 3 0.16 0.0001 3 9.7% 3.39[-0.25, 7.04] —
Tang 2024 0.24 0.003 3 0.195 0.002 3 1.0%  14.12[0.39, 27.85] P
Subtotal (95% CI) 6 6 10.7% 6.63 [-3.02, 16.28] =
Heterogeneity: Tau? = 31.27; Chi? = 2.19, df = 1 (P = 0.14); I = 54%
Test for overall effect: Z = 1.35 (P = 0.18)
1.3.3 ischemic 60min
Hu 2022 4.315789 1.96 7 0.6315789 0.556 7 22.9% 2.39(0.91, 3.87] -
Wang 2013 33.653136 10.01 8 23.173432 6.68 8 26.1% 1.16 [0.08, 2.25] bl
Subtotal (95% CI) 15 15 49.0% 1.67 [0.49, 2.86] ¢
Heterogeneity: Tau® = 0.32; Chi® = 1.72, df = 1 (P = 0.19); I = 42%
Test for overall effect: Z = 2.76 (P = 0.006)
Total (95% CI) 37 37 100.0% 2.83 [1.46, 4.20] L 2
S 2 _ : 2 _ . _ 12 o + + + .
Heterogeneity: Tau’? = 1.57; Chi* = 13.63, df = 5 (P = 0.02); I’ = 63% 30 1o 0 T 2

Favours [Probiotics] Favours [control]

Test for overall effect: Z = 3.77 (P = 0.0002)
Test for subgroup differences: Chi? = 3.27, df = 2 (P = 0.19), I’ = 38.8%

B Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, d 95% CI IV, Rand 95% CI
1.5.1 ischemic 30min
Chen 2024 1.79 0.03 6 1 033 6 19.8% 3.11[1.22, 5.01) —
Gao 2024 1.487 0.09 10 0.81 0.07 10 14.9% 8.04 [5.13, 10.96) —
Subtotal (95% CI) 16 16  34.7% 5.45 [0.62, 10.27] =T
Heterogeneity: Tau® = 10.58; Chi® = 7.72, df = 1 (P = 0.005); I’ = 87%
Test for overall effect: Z = 2.21 (P = 0.03)
1.5.2 ischemic 45min
Tang 2023 0.24 0.019 3 0.19 0.01 3 14.5% 2.63 [-0.37, 5.64] |
Tang 2024 0.217 0.002 3 0.199 0.002 3 4.7% 7.20[0.07, 14.33] =
Subtotal (95% CI) 6 6 19.2% 3.72 [-0.09, 7.54] T
Heterogeneity: Tau? = 2.62; Chi® = 1.34, df = 1 (P = 0.25); I* = 25%
Test for overall effect: Z = 1.91 (P = 0.06)
1.5.3 ischemic 60min
Hu 2022 3.51155 2.3 7 0.87129 0.98 7 23.1% 1.40[0.19, 2.61] .
Wang 2013 33.726937 4.81 8 24.206642 4.61 8 23.0% 1.91[0.67, 3.15] —-
Subtotal (95% CI) 15 15 46.1% 1.65 [0.78, 2.52] &
Heterogeneity: Tau® = 0.00; Chi® = 0.33, df = 1 (P = 0.56); I’ = 0%
Test for overall effect: Z = 3.72 (P = 0.0002)
Total (95% CI) 37 37 100.0% 3.30 [1.58, 5.01] L 2
Heterogeneity: Tau? = 2.93; Chi* = 19.90, df = 5 (P = 0.001); I* = 75% -iO _45 ) 5 150

Favours [Probiotics] Favours [control]

Test for overall effect: Z = 4.86 (P < 0.00001)

FIGURE 5
Forest plot of meta-analysis of all studies detecting occludin, ZO-1 and FI
of FITC-dextran.

C Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% ClI
Chen 2024 1.71 0.3 6 2.73 0.43 6 34.8% -2.54[-4.22,-0.86] —
Gao 2024 12,956 2,150 10 23,279 3,000 10 36.6% -3.79[-5.36,-2.21] —a—
Hu 2022 490 53 10 857 74 10 28.5% -5.46[-7.54, -3.38] —_—
Total (95% CI) 26 26 100.0% -3.83[-5.38,-2.29] -~
Heterogeneity: Tau? = 1.05; Chi? = 4.59, df = 2 (P = 0.10); I = 56% 5_10 _55 S é 10’

Favours [Probiotics] Favours [control]

TC-dextran. (A) Forest plot of occludin. (B) Forest plot of ZO-1. (C) Forest plot

significantly lower in the probiotic group compared to the control
group, which suggested that intestinal permeability was reduced
and the intestinal barrier was protected by probiotic
supplementation. In addition, subgroup analyses revealed a
reduction in the heterogeneity of the occludin parameter, while the
heterogeneity of the ZO-1 parameter decreased in the 45-min and
60-min ischemia groups. This suggests that different ischemic
durations may contribute to the heterogeneity observed in the
detection of TJ proteins.

Frontiers in Medicine

3.5.3 Probiotic supplementation increased the
relative abundance of intestinal Lactobacillus and
Bacteroides

Four studies investigated the relative abundance of Lactobacillus,
three studies assessed the levels of Bacteroides, and two studies
examined the levels of Bifidobacteria. The findings indicated a slight
increase in the relative abundance of Lactobacillus (0.90, 95% CI: 0.33
to 1.48, p=0.002) and Bacteroides (0.81, 95% CI: 0.14 to 1.49,
p =0.02) in the probiotic group. Although Bifidobacteria exhibited an
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Test for overall effect: Z = 3.10 (P = 0.002)
Test for subgroup differences: Chi? = 1.32, df = 1 (P = 0.25), I* = 24.5%

Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
1.6.1 ischemic 30min
Jakesevic 2011 6.01 0.46 9 5.34 0.46 9 29.2% 1.39[0.33, 2.44) I E—
Takayama 2022 26.1 6.3 3 235 6.3 3 12.3% 0.33 [-1.30, 1.96)
Wang 2011 8.66 1.73 8 8.23 1.36 8 33.6% 0.26 [-0.72, 1.25]) e
Subtotal (95% CI) 20 20 75.1% 0.71 [0.05, 1.37] i
Heterogeneity: Chi? = 2.58, df = 2 (P = 0.27); I’ = 23%
Test for overall effect: Z = 2.11 (P = 0.03)
1.6.2 ischemic 60min
Wang 2013 7.8655462 0.66 8 6.9579832 0.48 8 24.9% 1.49 [0.34, 2.63) _—
Subtotal (95% CI) 8 8 24.9% 1.49 [0.34, 2.63] == T
Heterogeneity: Not applicable
Test for overall effect: Z = 2.54 (P = 0.01)
Total (95% CI) 28 28 100.0% 0.90 [0.33, 1.48] <
Heterogeneity: Chi’ = 3.91, df = 3 (P = 0.27); I = 23% + + + +

-2 -1 0 1 2
Favours [Probiotics] Favours [control]

Test for overall effect: Z = 1.35 (P = 0.18)
FIGURE 6

Bacteroides. (C) Forest plot of Bifidobacteria.

B Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI IV, Fixed, 95% CI
1.7.1 ischemic 30min
Takayama 2022 106 2.8 3 10.2 2.8 3 17.9% 0.11 [-1.49, 1.72] I
Wang 2011 8.92 2.69 8 6.58 3.36 8 44.0% 0.73 [-0.30, 1.75) -T—a—
Subtotal (95% CI) 11 11 61.9% 0.55 [-0.31, 1.41] e
Heterogeneity: Chi? = 0.40, df = 1 (P = 0.53); I> = 0%
Test for overall effect: Z = 1.25 (P = 0.21)
1.7.2 ischemic 60min
Wang 2013 8.80672269 0.85 8 7.7478991 0.76 8 38.1% 1.24 [0.14, 2.34] s
Subtotal (95% CI) 8 8 381% 1.24 [0.14, 2.34] T
Heterogeneity: Not applicable
Test for overall effect: Z = 2.22 (P = 0.03)
Total (95% CI) 19 19 100.0% 0.81 [0.14, 1.49] R
Heterogeneity: Chi? = 1.34, df = 2 (P = 0.51); I* = 0% _#4 —+ 3 + 3
Test for overall effecl(: Z=2.35 (P. =0.02) Favours [Probiotics] Favours [control]
Test for subgroup differences: Chi? = 0.94, df = 1 (P = 0.33), I* = 0%

C Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Wang 2011 8.97 1.92 8 7.84 3.03 8 52.9% 0.42 [-0.57, 1.42) —TE—
Wang 2013 8.72 0.57 8 7.15 0.62 8 47.1% 2.49 [1.10, 3.89] ——
Total (95% CI) 16 16 100.0% 1.40 [-0.63, 3.42] e
Heterogeneity: Tau? = 1.76; Chi’ = 5.61, df = 1 (P = 0.02); I’ = 82% _44 _¢2 ) :4’_ j‘

Forest plot of meta-analysis of all studies detecting Lactobacillus, Bacteroides and Bifidobacteria. (A) Forest plot of Lactobacillus. (B) Forest plot of

Favours [Probiotics] Favours [control]

increase in relative abundance (1.40, p = 0.18), this result was not
statistically significant (Figures 6A-C).

3.5.4 Probiotic supplementation reduced serum
inflammatory factor levels

Three studies evaluated serum levels of IL-1f, while five studies
assessed serum levels of TNF-a and IL-6. The probiotic group
demonstrated a significant reduction in serum IL-6 (—2.19, 95% CI:
—3.98 to —0.39, p = 0.02) and TNF-a (—2.24, 95% CI: —4.15 to —0.33,
p =0.02) compared to the control group (Figures 7B,C). Although
IL-1p levels were reduced in the probiotic group, the decrease was not
statistically significant (p = 0.08) (Figure 7A). However, subgroup
analysis based on ischemia duration revealed a statistically significant
reduction in IL-1f levels in the 45-min ischemia group (—4.92, 95%
CIL: —=8.93 to —0.91, p = 0.02).

Frontiers in Medicine

4 Discussion

This review provides a comprehensive summary of all preclinical
studies investigating the efficacy of probiotics for the treatment of
intestinal IRI. While animal experiments have inherent limitations,
the findings still provide valuable guidance for the design of clinical
trials. Our review included 12 different studies that examined the
beneficial effects of probiotics on intestinal IRI. The results showed
that animals with intestinal IRI showed an increase in the relative
abundance of intestinal bacteria, especially Lactobacillus and
Lactobacillus, after probiotic supplementation; the integrity of the
intestinal barrier was also protected to some extent, with a significant
reduction in intestinal mucosal damage and a lessened inflammatory
response. The following are possible mechanisms by which probiotics
ameliorate intestinal damage:
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A Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1.8.1 ischemic 45min
Tang 2023 51.76 1.2 9 58.97 2.95 9 34.6% -3.05[-4.51,-1.59] —

Tang 2024 38.46 1.1 9 51.53 2.2 9 29.9% -7.16 [-9.96, -4.35] e

Subtotal (95% CI) 18 18 64.6% -4.92[-8.93,-0.91] i

Heterogeneity: Tau? = 7.14; Chi? = 6.50, df = 1 (P = 0.01); I> = 85%

Test for overall effect: Z = 2.41 (P = 0.02)

1.8.2 ischemic 60min

Salim 2013 373 142 6 348 139.6 6 35.4% 0.16 [-0.97, 1.30]

Subtotal (95% CI) 6 6 35.4% 0.16 [-0.97, 1.30]

Heterogeneity: Not applicable

Test for overall effect: Z = 0.28 (P = 0.78)

Total (95% Cl) 24 24 100.0% -3.14 [-6.69, 0.41] T

Heterogeneity: Tau® = 8.93; Chi® = 28.19, df = 2 (P < 0.00001); I> = 93% t t t t

Test for overall effect: Z = 1.73 (P = 0.08) . & = 2 i
e P 3 Favours [Probiotics] Favours [control]

Test for subgroup differences: Chi* = 5.72, df = 1 (P = 0.02), I’ = 82.5%

B Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight v, d 95% CI v, d 95% CI
1.9.1 ischemic 30min
Wang 2011 119.254658 205.6 8 177.018633 174.23 8 22.9% -0.29 [-1.27, 0.70]

Subtotal (95% CI) 8 8 22.9% -0.29 [-1.27, 0.70]

Heterogeneity: Not applicable

Test for overall effect: Z = 0.57 (P = 0.57)

1.9.2 ischemic 45min

Tang 2023 10.86 0.18 9 12.19 0.59 9 21.4% -2.90 [-4.32, -1.49] -

Tang 2024 10.62 0.4 9 13.83 0.02 9 10.8% -10.80 [-14.89, -6.70] -_—

Subtotal (95% CI) 18 18 322% -6.61[-14.32,1.11) e e—
Heterogeneity: Tau? = 28.69; Chi* = 12.74, df = 1 (P = 0.0004); I = 92%

Test for overall effect: Z = 1.68 (P = 0.09)

1.9.3 ischemic 60min

Salim 2013 555 798 6 545 75.9 6 22.5% 0.02 [-1.12, 1.15] s 5
Wang 2013 295.886076 50.66 8 424.0506329 102.95 8 22.4%  -1.49[-2.64, -0.35] S
Subtotal (95% CI) 14 14 44.9%  -0.74 [-2.22,0.74] -
Heterogeneity: Tau? = 0.80; Chi’ = 3.37, df = 1 (P = 0.07); I’ = 70%

Test for overall effect: Z = 0.97 (P = 0.33)

Total (95% CI) 40 40 100.0% -2.19 [-3.98, -0.39] <>
Heterogeneity: Tau? = 3.42; Chi? = 34.56, df = 4 (P < 0.00001); I = 88% 1o =% ) +
Test for overall effect: Z = 2.38 (P = 0.02) Favours [Probiotics] Favours [control]
Test for subgroup differences: Chi? = 2.68, df = 2 (P = 0.26), I’ = 25.4%

C Probiotics Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI v, d 95% CI
1.10.1 ischemic 30min
Wang 2011 2.9473684 3.14 8 43.473684 58.35 8 21.6% -0.93 [-1.97, 0.12] —=]

Subtotal (95% CI) 8 8 216% -0.93[-1.97,0.12] <>
Heterogeneity: Not applicable
Test for overall effect: Z = 1.74 (P = 0.08)
1.10.2 ischemic 45min
Tang 2023 16.17 13 9 32.49 3.8 9 17.6% -5.47[-7.70, -3.25] ——
Tang 2024 17.86 1.22 9 29 2.8 9 18.3% -4.91(-6.95,-2.88) ——
Subtotal (95% CI) 18 18 35.9% -5.17 [-6.67, -3.67] e
Heterogeneity: Tau? = 0.00; Chi? = 0.13, df = 1 (P = 0.72); I’ = 0%
Test for overall effect: Z = 6.74 (P < 0.00001)
1.10.3 ischemic 60min
Salim 2013 960 489.9 6 630 367.4 6 21.2% 0.70 [-0.48, 1.89] —
Wang 2013 112.3028391 14.28 8 152.681388 32.1 8 21.3% -1.54[-2.69,-0.38] —_—
Subtotal (95% CI) 14 14 425% -0.42[-2.62,1.78] e
Heterogeneity: Tau? = 2.15; Chi® = 7.05, df = 1 (P = 0.008); I* = 86%
Test for overall effect: Z = 0.38 (P = 0.71)
Total (95% CI) 40 40 100.0% -2.24 [-4.15,-0.33] e
Heterogeneity: Tau? = 4.11; Chi? = 37.26, df = 4 (P < 0.00001); I’ = 89% _*10 _*S ) ; 16
Test for overall effef:(: Z=230 (P'l- 0.02) s Favours [Probiotics] Favours [control]
Test for subgroup differences: Chi’ = 23.08, df = 2 (P < 0.00001), I* = 91.3%
FIGURE 7
Forest plot of meta-analysis of all studies detecting IL-1p, IL-6 and TNF-a. (A) Forest plot of IL-1f. (B) Forest plot of IL-6. (C) Forest plot of TNF-a.

4.1 Anti-oxidative stress and leads to increased secretion of pro-inflammatory proteins. During
ischemic episodes, mitochondria generate substantial quantities of

Oxidative stress, characterized by an imbalance between  reactive oxygen species (ROS), including superoxide anions (02-—),
pro-oxidants and antioxidants, plays a pivotal role in the hydrogen peroxide (H202), and hydroxyl radicals (-OH) (23, 24).
pathophysiology of intestinal IRI. It enhances neutrophil infiltration =~ Upon restoration of blood flow to the intestinal tissue, a significant
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influx of oxygen activates oxidative stress through ROS, thereby
initiating a cascade of signaling pathways and inflammatory
responses (25).

Lipids represent a major class of molecules affected by oxidative
stress, undergoing peroxidation and yielding various secondary
products, with MDA serving as a common biomarker for oxidative
stress and cellular membrane damage (24). Our findings demonstrated
that probiotics lowered MDA levels and alleviated oxidative stress
damage in intestinal tissues subjected to IRI (9, 14, 21). Moreover,
probiotic supplementation was shown to reduce levels of MPO (14,
18) and ROS (9, 21). Elevated MPO activity promoted ROS
production, thereby exacerbating lipid peroxidation and elevating
MDA levels (26). The correlations observed in these parameters
underscore a significant relationship between probiotic therapy and
the management of oxidative stress in the context of intestinal IRIL.

4.2 Protection of the intestinal barrier

The intestinal epithelial cells are integral to maintaining a
barrier that facilitates nutrient absorption while simultaneously
protecting the body from microbial invasion (27). The functionality
of this epithelial barrier is critically dependent on TJ proteins, which
are essential for the integrity of the mechanical barrier. Intestinal
IRI can compromise this barrier through various mechanisms,
including the action of pro-inflammatory cytokines and the
augmented production of ROS, resulting in increased intestinal
permeability and a reduction in TJ proteins such as ZO-1 and
occludin (28, 29).

Occludin and ZO-1 are vital components of T] proteins that
regulate the proliferation and survival of epithelial cells. Notably, the
overexpression of occludin has been shown to enhance epithelial
barrier function (30). ZO-1, a member of the membrane-associated
guanylate kinase homolog family, plays a crucial role in connecting TJ
membrane proteins to the cytoskeleton, in collaboration with ZO-2
and ZO-3 (31). Probiotics have been demonstrated to have beneficial
effects on the integrity of the intestinal barrier, for instance,
Lactobacillus plantarum HNUO082 alleviates ulcerative colitis by
modulating gut microbiota and its metabolites, leading to increased
expression of ZO-1 and occludin (32). This protective effect is
facilitated by the U5 domain of probiotics, which is essential for
maintaining the integrity of apical membranes and microvilli (33). In
our compilation of studies examining the effects of probiotics on
animals with intestinal IRI, results showed that probiotic
supplementation led to a significant increase in the levels of TJ
proteins ZO-1 and occludin (9, 13, 15, 19, 21), thereby enhancing the
integrity of the intestinal barrier and confirming the beneficial impacts
of probiotics.

In addition, FITC-dextran, diamine oxidase (DAQO), and D-lactic
(D-LAC) serve as important biomarkers for assessing intestinal
barrier function. A compromised intestinal barrier permits the
translocation of intestinal bacteria and undigested food components
into the bloodstream, leading to elevated serum levels of DAO (34).
Similarly, the presence of elevated D-lactic acid, a byproduct of
bacterial fermentation, and increased levels of FITC-dextran, a
macromolecular glycan, indicate impaired intestinal barrier function
(35, 36). Therefore, the monitoring of these biomarkers is crucial for
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evaluating intestinal barrier integrity. Our results indicate that
probiotic treatment significantly reduced the levels of FITC-dextran
(15, 19, 22), serum DAO, and D-LAC (9, 21), thereby protecting the
intestinal mucosal barrier from IRI-induced functional impairment.

4.3 Regulation of intestinal flora
abundance

The intestinal microbiota comprises a diverse array of
microorganisms that play a crucial role in gut health and are closely
associated with intestinal IRI. Major microbial groups within the
intestinal flora include Lactobacillus, Bifidobacterium, Bacteroides,
and Escherichia coli, among others (37). Intestinal IRI disrupts the
microenvironment, resulting in notable alterations in microbial
composition, characterized by an increase in pathogenic organisms
such as E. coli and Clostridium difficile, alongside a reduction in
beneficial flora like Lactobacillus (1).

Maintaining the stability of the intestinal microbiota is essential
for preserving gut homeostasis. Our findings indicated that probiotics
significantly enhanced the abundance of beneficial genera, notably
Lactobacillus, Bifidobacterium, and Bacteroides (12, 13, 16, 20).
Specifically, probiotics were shown to increase Lactobacillus murinus
while concurrently decreasing levels of Prevotella (15, 20). These
regulatory effects contribute to the maintenance of a balanced
intestinal microenvironment, reducing bacterial translocation and
mitigating epithelial cell damage in intestinal tissues subjected to
ischemia-reperfusion.

4.4 Anti-inflammatory

The inflammatory response serves as a critical mechanism in the
pathophysiology of intestinal IRI. During episodes of IR, there is a
marked infiltration of leukocytes and neutrophils, which produce a
range of chemokines and inflammatory mediators that compromise
intestinal barrier function (38). This process activates pivotal cellular
signaling pathways, including the nuclear factor kappa B (NF-«xB) and
mitogen-activated protein kinase (MAPK) pathways. In the NF-xB
signaling pathway, the IkB kinase complex becomes activated, leading
to the phosphorylation and degradation of the IkB protein. This action
allows NF-kB transcription factors to translocate to the nucleus, where
they form active transcription complexes (39). Conversely, the MAPK
pathway is triggered via the Raf-MEK-ERK cascade, facilitating the
phosphorylation of various MAPKs (e.g., ERK, JNK, p38), which then
enter the nucleus to activate transcription factors (40, 41). Activation
of these pathways ultimately results in increased mRNA expression of
pro-inflammatory cytokines, such as tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), and interleukin-1 beta (IL-1f). These
mediators then enter the systemic circulation, fostering a systemic
inflammatory response (39, 42). Our studies demonstrated that
probiotics mitigated inflammatory damage induced by ischemia-
reperfusion by reducing the expression of pro-inflammatory
cytokines, including TNF-a, IL-6, and IL-1p (9, 13, 16, 21). Notably, a
study by Salim et al. reported a slight increase in TNF-a, IL-6, and
IL-1p levels post-probiotic supplementation compared to the control
group; however, this increase was not statistically significant (18). This
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discrepancy may be attributed to the use of a mixed probiotic
formulation in Salim’s study rather than a focused single
strain approach.

In summary, probiotics can exert protective effects on intestinal
IRI animal models through multiple mechanisms. However, due to the
potential differences between animal models and humans in terms of
immune system response, gut microbiota composition, and intestinal
barrier function, there are still many challenges in applying probiotics
to the clinical improvement of injuries caused by intestinal ischemia
in patients, and more clinical trials are needed to verify its feasibility.

5 Advantages and limitations of this
review

5.1 Strengths

This review has several notable strengths. First, it represents the
first meta-analysis of preclinical studies investigating the effects of
probiotics on intestinal ischemia-reperfusion injury. Second,
we comprehensively evaluated the role of probiotics in various aspects,
including oxidative stress, intestinal barrier integrity, gut microbiota
composition, and inflammatory factors. This multifaceted approach
provides a valuable reference for future preclinical studies and clinical
treatments related to intestinal IRI.

5.2 Limitations

Despite its strengths, this review has certain limitations. First, the
studies included varied in terms of animal models, duration of
modeling, and types of probiotic strains used, which may have
influenced the results to some extent. Second, the overall number of
animals included in the studies reviewed is relatively small, which may
impact outcomes. Last, the limited number of studies included in this
review precluded the possibility of assessing publication bias,
hindering further validation of our findings.

6 Conclusion and perspectives

In conclusion, this review evaluated the effects of probiotic
supplementation on intestinal IRI in animal studies. The results
indicate that probiotic therapy reduces inflammation and oxidative
stress, enhances the expression of T proteins—particularly occludin
and ZO-1—and increases the relative abundance of beneficial
intestinal bacteria, thereby mitigating the impact of intestinal
IRI. Moreover, these findings offer valuable insights for the design of
clinical trials, particularly concerning the use of probiotics from
Lactobacillus and Bacteroides to elective intestinal surgery to prevent
ischemia-reperfusion injury in the intestines during the
surgical procedure.

In addition to these findings, the studies included in this
review also examined the effects of probiotics on various other

factors. Notably, one study found that probiotic supplementation
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elevated the levels of several short-chain fatty acids (SCFAs),
including acetate, propionate, butyrate, and valerate, in mice
compared to controls. This suggests that probiotic therapy may
significantly influence SCFA production, indicating that the
underlying mechanisms merit further investigation. These insights
could offer new perspectives for clinical trials and therapeutic
approaches targeting intestinal IRI.
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