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Introduction: Temozolomide (TMZ) induces intestinal mucosa injury that cannot be fully counteracted by supportive treatment. 
Probiotics regulate gut microbial composition and the host immune system and may alleviate this side effect. We aimed to investigate 
the potential and mechanism of Lactobacillus rhamnosus GG (LGG) in relieving intestinal mucosal injury induced by TMZ.
Methods: Glioblastoma mice were divided into four groups: CON (control), LGG (109 CFU/mL, treated for 7 days), TMZ (50 mg/ 
kg·d, treated for 5 days), LGG+TMZ (LGG for 7 days and TMZ subsequently for 5 days). Body weight, food intake, and fecal pH 
were recorded. Intestinal tissue samples were collected 1 day after the end of TMZ treatment. Degree of damage to intestine, 
expression of IL1β, IL6, TNFα, and IL10 in jejunum were determined. Levels of tight-junction proteins (ZO1, occludin), TLR4, IKKβ, 
IκBα, and P65 with their phosphorylation in jejunum were measured.
Results: Decreases in body weight, food intake, spleen index in the TMZ group were mitigated in the LGG+TMZ group, and the 
degree of intestinal shortening and damage to jejunum villus were also alleviated. The expression of tight-junction proteins in the LGG 
+TMZ group was significantly greater than that in the TMZ group. IκBα in intestinal tissue significantly decreased in the TMZ group, 
phos–IKKβ and phos-P65 increased compared to the CON group, and LGG reversed such changes in IκBα and phos-P65 in the LGG 
+TMZ group. Intestinal inflammatory cytokines were significantly increased in the TMZ group, but lower in the LGG+TMZ group. 
Moreover, expression of TLR4 in LGG group was significantly lower than that in the CON group. LGG inhibited the rise of TLR4 
after TMZ in the LGG+TMZ group compared to the TMZ group.
Conclusion: LGG inhibits the activation of the TLR4–NFκB pathway and alleviates intestinal mucosal inflammation induced by 
TMZ, thereby protect the jejunum villi and mucosal physical barrier.
Keywords: Lactobacillus rhamnosus GG, temozolomide, intestinal mucosal injury, TLR4, NFκB

Introduction
Intestinal mucosal injury can accompany the entire cycle of chemotherapy. The incidence of enteral mucositis is 50%–100% 
of patients receiving chemotherapy, depending on the type and regimen of chemotherapy drugs.1 Temozolomide (TMZ) is 
a first-line chemotherapeutic agent for the treatment of malignant intracranial tumors2 that induces the alkylation of DNA, and 
thus the autophagy or apoptosis of tumor cells. However, it also induces the apoptosis of intestinal mucosal epithelial cells, 
thus destroying the intestinal mucosal barrier and triggering inflammation.3 Briefly, chemotherapy-associated intestinal 
mucositis occurs in five pathological stages: initiation, primary damage response, signal amplification, ulceration, and 
healing.4
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Activation of the NFκB signaling pathway and the synthesis of proinflammatory cytokines are thought to be key to the 
initiation and signal-amplification stage.5,6 The TLR4–NFκB signaling pathway can be continuously activated by various 
damage-associated molecular patterns produced by dead or injured intestinal epithelial cells, including HMGB1, ROS, and 
LPS from the enteric cavity, which can induce the gene transcription of proinflammatory cytokines, such as TNFα, IL1β, 
and IL6, thus promoting the inflammatory cascade and disrupting the intestinal mucosa.7,8 Intestinal mucositis induced by 
TMZ can interfere with patients’ treatment adherence to avoid unbearable symptoms, including nausea, vomiting, anorexia, 
stomachache, diarrhea, and constipation.9 Current supportive therapy (such as with 5-hydroxytryptamine receptor antago
nists, glucocorticoids, agents affecting gastrointestinal motility, and antibiotics),10 however, can only relieve the symptoms 
to a moderate degree. Some 60% and 37% patients, respectively, still suffer from nausea or vomiting, indicating that these 
drugs cannot necessarily alleviate the underlying mucositis and damage to the mucosal barrier.11

Probiotics have recently drawn attention in the field of intestinal mucosal protection due to their health benefits.12,13 

Lactobacillus rhamnosus GG (LGG) is a facultative anaerobic probiotic bacterium that belongs to the phylum 
Firmicutes. It has greater viability than other probiotic strains and can colonize the entire digestive tract.14 Previous 
studies have showed its beneficial effects on alleviating metabolic disturbance and diseases induced by environment 
pollutants and toxicities.15–18 Its capacity to modulate local or systemic immunoresponse has also been verified.19,20 LGG 
manifests its functions on intestinal microecology by producing antimicrobial substances and short-chain fatty acids, 
reducing intestinal pH, competing with pathogenic bacteria for nutrients, and inhibiting their adhesion to intestinal 
mucosa.21 It also promotes the growth of mucosal epithelium, consolidates the functions of the intestinal barrier, and 
regulates the intestinal immune system.22–24 A recent study revealed the significant anti-inflammatory effects of LGG, 
which were believed to be related to immunoregulation mediated by the TLR4 signaling pathway.25,26 Overall, LGG has 
become a hot spot of research on the treatment of a variety of intestinal diseases.27

However, the alleviating functions of LGG in TMZ-induced intestinal mucositis has not been confirmed and the 
clinical application of LGG is still unknown. In this study with a glioblastoma mouse model, we explored the effects of 
LGG applied before TMZ treatment, in order to confirm its benefits in alleviating intestinal mucosal injury induced by 
TMZ and the potential mechanisms. Our study may shed new light on combination treatment of cancer in patients 
suffering from the adverse effects of chemotherapy.

Methods
Study Design
Specific pathogen-free male C57BL/6 mice (n=36, 8–10 weeks old) were purchased from SPF Biotechnology (Beijing, 
China). All mice were housed in the Animal Experimental Center of Zhongnan Hospital at Wuhan University, where the 
temperature was maintained at 25°C with a 12 h light/dark cycle and free access to food and water. After adaptive 
feeding for 7 days, the mice were randomly allocated to four groups: control group (CON), TMZ group, LGG group, and 
LGG+TMZ group, with different treatments described below. Each group comprised nine mice.

Glioblastoma Mouse Model Construction
After the first collection of fecal samples following a 7-day adaptive feeding regime (day 1), the allogeneic orthotopic 
glioblastoma model was constructed by implanting GL261 cells into the left putamen, as described previously.28 Briefly, 
after anesthesia by intraperitoneal injection of 2% chloral hydrate (0.2 mL/10 g), the mice were fixed in a stereotaxic 
apparatus (RWD Life Science, Shenzhen, China). A burr hole was made in the left parietal bone 0.1 mm posterior to the 
bregma and 2.3 mm lateral to the midline. GL261 cells (3×105 cells in 2 μL PBS) were administered stereotactically 
through the burr hole into the left putamen to a depth of 2.3 mm from the brain surface. The cell suspension was 
delivered slowly for 2–3 min. The injection needle was left in place for an additional 2 min and then slowly withdrawn. 
The burr hole was sealed with bone wax and the incision sutured. The mouse glioblastoma cell line GL261 was obtained 
from the American Type Culture Collection (Rockville, MD) and cultured in DMEM supplemented with 10% FBS in 
a humidified 5% CO2 cell incubator at 37°C. DMEM and FBS were obtained from Gibco (CA, USA). Chloral hydrate 
was from Molbase (Shanghai, China).
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Treatment with Lactobacillus rhamnosus GG and Temozolomide
The procedures of intracranial GL261 implantation and LGG and TMZ treatment are shown in Figure 1a. LGG was 
purchased from American Type Culture Collection (ATCC 53103qqqq) and cultured in autoclaved de Man, Rogosa, and 
Sharpe (MRS) broth at 37°C for 16 h. Culture density was measured with a spectrophotometer at OD600. After washing 
and centrifugation, the bacterial liquid was resuspended to a density of 5×109 CFU/mL with PBS. The LGG solution was 
freshly prepared. LGG gavage started at 1 day after implantation (day 2) with a dosage of 109 CFU bacterial liquid for 7 
days (ie, days 2–8 after cell inoculation).29 The vehicle-treated mice received sterile MRS medium by gavage. We 
determined the successful colonization of LGG by the decrease in pH, as it produces short-chain fatty acids and thus 
reduces the intestinal pH.21 TMZ and sodium carboxymethyl cellulose (SCC) were purchased from MedChemExpress 

Figure 1 LGG alleviated the adverse body reactions induced by TMZ treatment in the glioblastoma mouse model. (a) Overall experimental procedure in this study; (b) 
feces pH of mice in the four groups on day 1 and day 14; (c and d) body weight and food intake of mice in the four groups during the experiment; (e and f) spleen and liver 
indices of mice in the four groups on day 14. *P<0.05, **P<0.01, ***P<0.001. 
Abbreviations: LGG, Lactobacillus rhamnosus GG; SCC, sodium carboxymethyl cellulose; TMZ, temozolomide; CON, control; NS, not significant.
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(NJ, USA). TMZ was freshly dissolved in 0.5% SCC at a final concentration of 5 mg/mL. TMZ gavage started 1 day 
after LGG administration at a dosage of 50 mg/kg per day for 5 consecutive days (ie, days 9–13 after cell inoculation) 
with the vehicle-treated mice by gavage as per our previous work.30

Fecal Sample Collection and Body Reactions
As shown in Figure 1a, the mice’s stool samples were collected at two time points: day 1 (the day of glioma cell 
implantation) and day 14 (the 14th day after cell inoculation). All samples were collected at 8 am. After weighing, the 
mice were placed in sterile plastic boxes to collect fecal samples. The fresh feces of mice were weighed and fully 
dissolved in deionized water at a ratio of 1:9 (adding 900 µL deionized water per 100 mg of mouse feces). The residue 
was removed by centrifugation. The supernatant was then obtained and its pH determined. Some of the mice (n=4 per 
group) were killed on day 14 for tissue collection, and the remaining mice (n=5 per group) were followed in order to 
compare the prognostic differences in body weight and food intake. We also calculated the spleen and liver indices (the 
ratios of spleen or liver weight [g] to the body weight [g] of these dead mice to roughly estimate the strength of the 
immune system.

Hematoxylin and Eosin Staining of Intestinal Slices
Intestinal tissue from the dead mice was removed and postfixed overnight in 4% paraformaldehyde at 4°C. It was then 
transferred into a 30% sucrose solution in 0.1 mol/L PBS at 4°C for 72 h. Coronal section serials were sliced (15 μm) by 
a Cryostat (Leica Biosystems, Wetzlar, Germany) and mounted on glass slides. The sections were stained with 
hematoxylin and eosin, cleared in xylene, and mounted.

Enzyme-Linked Immunosorbent Assay for Inflammatory Cytokines
Inflammatory cytokines were detected by ELISA kits purchased from MultiSciences Biotech (Hangzhou, China). TNFα 
(EK282/4), IL1β (EK201B/3), IL6 (EK206/3), and IL10 (EK210/4) were detected according to the manufacturer’s 
instructions. In brief, the jejunum tissue samples (~10 mg) were homogenized in PBS on ice and then centrifuged at 5000 
g at 4°C for 10 min to obtain tissue supernatant. A 96-well plate coated with capture antibody specific for each cytokine 
was washed and blocked before adding 100 μL supernatants and serially diluted specific standards to respective wells. 
Following a series of washing, the captured cytokine was detected using the specific conjugated detection antibody. The 
substrate reagent was added to each well and then the plate was read at 450 nm by an ELISA plate reader.

Western Blotting
The expression of junction proteins (ZO1, occludin) and the overall expression and phosphorylation level of proteins in 
NFκB signaling were detected by Western blotting. The frozen jejunum tissue lysed in cold radioimmunoprecipitation 
assay buffer containing a protease and phosphatase inhibitor cocktail (Roche, Indianapolis, IN, USA). Proteins (15 ng 
each) were separated by 10% SDS-PAGE and then transferred onto polyvinylidene fluoride membranes (Millipore, 
Billerica, MA, USA). After blocking with 5% nonfat milk in Tris-buffered saline, the membranes were incubated with 
primary and secondary antibodies and visualized using enhanced chemiluminescence reagents (Millipore, Billerica, MA, 
USA) with the Viber Fusion FX7 imaging system (Viber 7 Lourmat, PAR, France). Antibodies used for ZO1 (1:500) and 
occludin (1:500) were obtained from Servicebio (Wuhan, China). TLR4 (1:500) antibody was purchased from Bioss 
(Beijing, China). IKKβ (1:1000), phos-IKKβ (1:1000), IKBα (1:1000), P65 (1:1000), phos-P65 (1:1000), and β-actin 
(1:1000) antibodies were purchased from Cell Signaling (Danvers, MA, USA).

Statistical Analysis
All data are expressed as means ± SD from at least three independent experiments and were analyzed by GraphPad Prism 
8.0.0 (GraphPad Software, California, USA) and IBM SPSS 20.0 (IBM Corporation, New York, USA). We evaluated 
differences among the four groups by one-way ANOVA for normally distributed parameters or the Kruskal–Wallis test 
for abnormally distributed parameters with Bonferroni correction for post hoc comparison. P<0.05 was considered 
statistically significant.
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Results
LGG Alleviated Weight Loss and Decrease in Food Intake Induced by TMZ
The experimental procedure is presented in Figure 1a. The feces pH of mice in the LGG and TMZ+LGG groups decreased 
significantly compared with that in the CON and TMZ groups (P<0.01, Figure 1b, Table S1), indicating that LGG had 
successfully colonized and metabolized short-chain fatty acids after colonization in the digestive tract. An individual’s body 
weight and food intake can preliminarily reflect the gastrointestinal side effects of TMZ and the intestinal protective function 
of LGG. The body weights of our experimental mice increased slowly before TMZ administration, with no significant 
differences in either weight or food intake between any groups (Figure 1c and d, Table S1). After the induction of intestinal 
injury by TMZ gavage, the body weights of the mice had decreased significantly in both the TMZ and TMZ+LGG groups 
by day 14 (P<0.01). The mice in the TMZ group had continued to lose weight on day 21 (P<0.01), whereas the weight loss of 
mice in the LGG+TMZ group was alleviated to a certain extent by LGG treatment (P<0.05, Figure 1c, Table S1). Food intake 
in the TMZ group was significantly reduced after TMZ gavage (P<0.01), but there was no significant change in TMZ+LGG 
group through all the 21 days before and after treatment (P>0.05, Figure 1d, Table S1). Moreover, LGG alone had no 
significant effect on the mice’s food intake or body weight (P>0.05). The spleen index increased after TMZ administration 
(P<0.001) and was significantly lower after LGG treatment (P<0.01, Figure 1e, Table S1). However, there was no significant 
difference in the liver index between groups (P>0.05, Figure 1f, Table S1). These results suggest that LGG can alleviate the 
bodily reactions induced by TMZ (Table S1).

LGG Alleviated TMZ-Induced Damage to the Intestinal Villus Structure and Barrier 
Function
Changes in the mice’s body weight and food intake induced by LGG and TMZ may be attributed to their effects on intestinal 
mucosal structure and function. Figure 2 and Table S2 show the differences in intestinal structure and barrier protein 
expression in each group on day 14. The length of the small intestine in the TMZ group was significantly reduced after 
TMZ administration (P<0.05). However, LGG significantly alleviated the shortening of the small intestine in the TMZ+LGG 
group (P<0.05), and the small intestinal length of mice in LGG group was greater than that in the CON group (P<0.01, 
Figure 2a). Intestinal villi are structures for digesting and absorbing nutrients, and are important for assessing the extent of 
intestinal damage. The mucosal villi in the TMZ group were significantly shorter, partially broken, loosely arranged, and with 
deeper crypts. In contrast, the intestinal villi of mice in the TMZ+LGG group were longer and more tightly arranged 
(Figure 2b), indicating that LGG can significantly alleviate the TMZ-induced destruction of the intestinal microstructure.

It has been reported that TMZ ruptures the intestinal tight junctions and intestinal mucosa barrier, and thus we further 
detected and compared the expression levels of tight junction–related proteins (occludin, ZO1) in small intestinal tissue 
to study whether LGG application could improve the physical barrier. LGG applied alone did not influence the 
expression of these proteins (CON vs LGG group, P>0.05, Figure 2c–e). After TMZ administration, the expression of 
occludin (P<0.01, Figure 2c and d) and ZO1 (P<0.05, Figure 2c and e) was significantly decreased in the TMZ group, 
confirming the damage to the intestinal barrier. However, a decrease in occludin (P<0.05, Figure 2c and d) and ZO1 
(P<0.05, Figure 2c and e) in the small intestine was counteracted in the TMZ+LGG group, indicating that LGG can 
effectively protect the mucosal barrier from the effects of chemotherapy.

LGG Alleviated TMZ-Induced Intestinal Mucosal Injury by Inhibiting the Expression of 
Inflammatory Cytokines
The expression levels of intestinal inflammatory cytokines in each group are provided in Table S3. There was no significant 
difference between the CON group and the LGG group (P>0.05, Figure 3a–d and Table S3). However, the expression of IL1β 
(P<0.001, Figure 3a), IL6 (P<0.001, Figure 3b), TNFα (P<0.001, Figure 3c), and IL10 (P<0.001, Figure 3d) significantly 
increased after TMZ administration, suggesting a TMZ-induced intestinal inflammatory response. In contrast, IL1β (P<0.01, 
Figure 3a), TNFα (P<0.01, Figure 3c), and IL10 (P<0.01, Figure 3d) in the TMZ+LGG group were significantly decreased 
compared with the same parameters in the TMZ group, while the level of IL6 trended insignificantly downward (P>0.05, 
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Figure 3b). These results indicate that LGG alleviated TMZ-induced intestinal mucosal injury by inhibiting the expression of 
inflammatory cytokines.

LGG Exerted a Protective Effect on the Intestinal Mucosa by Suppressing TLR4–NFκB 
Signaling Activation
Activation of TLR4–NFκB signaling is closely related to the regulation of proinflammatory cytokine (eg, IL1β and TNFα) 
expression. Compared with the CON group, the expression of intestinal TLR4 protein in the LGG group decreased 
significantly (P<0.05, Figure 4a and g, Table S4), whereas the expression of TLR4 in the intestinal tract increased after the 

Figure 3 LGG inhibited the expression of inflammatory cytokines to alleviate TMZ-induced intestinal mucosal injury. (a–d) Expression of intestinal IL1β, IL6, IL10, and 
TNFα in mice in the four groups on day 14, respectively. **P<0.01. 
Abbreviations: CON, control; LGG, Lactobacillus rhamnosus GG; TMZ, temozolomide; NS, not significant.

Figure 2 LGG alleviated TMZ-induced damage to the intestinal villus structure and barrier function. (a) Length (cm) of small intestine of mice in the four groups on day 14; 
(b) hematoxylin and eosin staining of the intestinal villi of mice in the four groups on day 14; (c–e) expression of occludin and ZO1 in small intestinal tissue of mice in the 
four groups on day 14. *P<0.05, **P<0.01. 
Abbreviations: CON, control; LGG, Lactobacillus rhamnosus GG; TMZ, temozolomide; NS, not significant.
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administration of TMZ (P<0.01). However, this rise was significantly eased by LGG in the TMZ+LGG group (P<0.001, 
Figure 4a and g). As shown in Figure 4, LGG alone did not affect the expression of NFκB signaling proteins (P>0.05, Figure 4, 
Table S4). After TMZ administration, IKBα (P<0.001, Figure 4a and d) decreased, while phos-IKKβ and phos-p65 (P<0.001, 
Figure 4a, c and f) increased in the intestinal tissue, indicating that TMZ activated the intestinal NFκB signaling pathway. 
However, there was no significant change in IKKβ or P65 protein (P>0.05, Figure 4a, b and e). Compared with the TMZ 
group, the level of IΚBα protein (P<0.05, Figure 4a and d) in the TMZ+LGG group increased significantly, while the level of 
phos-IKKβ and phos-P65 protein (P<0.001, Figure 4a, c and f) decreased, indicating that LGG may alleviate inflammation by 
inhibiting P65 phosphorylation. These results indicate that LGG can play a protective role in alleviating intestinal inflamma
tion by downregulating the expression of TLR4 and inhibiting the activation of the NFκB signaling pathway.

Discussion
Intestinal mucosal injury is a limiting factor for the clinical use of chemotherapeutic drugs31 that manifests as damaged 
villus structure and barrier function, leading to various symptoms and increasing the risk of infection.32,33 In this study, 
we explored the effectiveness of LGG in minimizing TMZ-induced gastrointestinal side effects, which alleviated the 
body reactions, intestinal structure, and function damage by reducing the activation of TNF–NFκB signaling with 
decreased downstream inflammatory cytokines.

Decreased pH in intestine manifests the colonization of LGG, while LGG can also reduce the pH elevated by TMZ. 
A previous study has confirmed that the acidic environment of the intestine can prevent the formation of a bacterial 
membrane comprising pathogenic bacteria and construct a favorable microbial balance for the host.34 The fold 
morphology of the villus structure provides it with a huge surface area (about 200–300 m2 for adults), enabling it to 
absorb nutrients effectively.35 However, damage to the villus structure and shortening of the small intestine caused by 
chemotherapy can significantly interfere with nutrient absorption and lead to imbalance of absorption and secretion.36 

Similarly to Hu’s research, we found that LGG can significantly protect the structure of the villi and reduce shortening of 
the small intestine, thus improving the absorption of nutrients.37 In Hu’s study, the length between the control group and 
LGG group was the same, while the application of LGG alone also lengthened the small intestine compared to the CON 

Figure 4 LGG exerted a protective effect on the intestinal mucosa by suppressing TLR4–NFκB signaling. (a–g) Expression and activation of proteins in NFκB signaling 
pathways. *P<0.05, **P<0.01, ***P<0.001. 
Abbreviations: NS, not significant; CON, control; LGG, Lactobacillus rhamnosus GG; TMZ, temozolomide.
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group in our study. The length of mouse intestine is attributed to various factors,38–40 and the mouse models’ conditions 
were not the same, as we used glioblastoma mice. The short-chain fatty acids produced by LGG may contribute to the 
lengthening of the intestine under disease conditions.41 However, there has been no clear report investigating the 
underlying mechanisms of the changes in small intestinal length under LGG application, which calls for more research. 
We also observed that LGG increased the food intake of mice treated with TMZ. Although the causal relationship 
between host appetite and enteromics is still unclear, a clinical study has confirmed that LGG can significantly accelerate 
the recovery of gastrointestinal motility and appetite in patients who have undergone abdominal surgery.42

The barrier function of intestinal mucus maintains the homeostasis of the internal environment by preventing the 
penetration of harmful exogenous agents, such as LPS and pathogens, into the lamina propria, which would further aggravate 
the inflammatory response. The physical intestinal barrier is composed of an orderly arrangement of various connections 
between mucosal epithelial cells,43,44 among which the tight and adhesion junctions are the most important, as they maintain 
intestinal mucosa closure. We found that TMZ significantly downregulated the expression of occludin and ZO1, which can 
induce the rupture of the intestinal tight junctions and increase mucosal permeability, thus damaging the physical barrier of the 
intestinal mucosa. However, LGG can significantly improve the expressions of ZO1 and occludin in TMZ mice and thus 
prevent the infiltration of LPS and the invasion of enteric pathogens, thus alleviating mucosal inflammation.45

The molecular mechanism of TMZ-induced intestinal mucosal injury attributed to the apoptosis of epithelium caused 
by DNA alkylation, which results in damaged villi and mucosal barrier.3 In addition, TMZ-induced inflammation further 
promotes intestinal mucosal injury.42 We confirmed that TMZ significantly upregulated the expression of TLR4 and the 
phosphorylation of IKKβ and P65 in the jejunum, indicating significant activation of the NFκB signaling pathway in the 
jejunum with elevated proinflammatory cytokines (IL1β, TNFα, and IL6) compared to the CON and LGG groups These 
inflammatory cytokines have been reported to destroy interepithelial tight junctions,46 inhibit the expression of tight- 
junction proteins,47 induce the shedding of epithelial cells, and promote atrophy of the villus structure.48 In this study, we 
found that LGG downregulated the expression of TLR4 in the intestines of mice and significantly inhibited TMZ-induced 
IKKβ phosphorylation and activation of the NFκB signaling pathway with decreased inflammatory cytokines in the LGG 
+TMZ group compared to the TMZ group. However, the expression of IL6 was not significantly decreased in the LGG 
+TMZ compared to the TMZ group, indicating the partial effects of LGG in reversing the TMZ-induced inflammation 
through TLR4–NFκB signaling. In addition, considering that LGG has no significant effect on the total expression of 
IKKβ, IKBα, and P65 in the intestine of non-TMZ–treated mice, we suggest that the anti-inflammatory effect of LGG 
may be mainly achieved by downregulating the expression of TLR4 protein.

Previous work by Li et al confirmed that LGG cand alleviate Salmonella typhimurium-induced intestinal inflamma
tion by exopolysaccharides inhibiting the TLR4–NFκB–MAPK pathway.49 Another recent study has also shown that the 
secretory protein HM0539 of LGG can downregulate the expression of TLR4 in intestinal epithelial cells and therefore 
inhibit the TLR4–MDY88–NFκB signaling pathway–mediated inflammatory cascade.50 Overall, our work adds new 
evidence that LGG can alleviate intestinal mucositis in TMZ-treated glioblastoma mice by inhibiting the TLR4–NFκB 
signaling pathway, suggesting its potential and benefits for chemotherapy-induced side effects.

There are limitations in our study. Gastrointestinal reactions to TMZ are not only caused by intestinal mucosal injury 
but may also be due to other factors (eg, excitation of the vomiting center by 5-hydroxytryptamine), which needs further 
study. In addition, we did not further analyze the specific effective constituent of LGG or the influence of exogenous 
LGG on the microbial composition of the intestine, which also requires further research.

Conclusion
Patients treated with TMZ are often troubled by intestinal side effects. We found that exogenous LGG can be protective 
by suppressing the activation of the TLR4–NFκB pathway and thus inhibiting inflammatory cytokines. Therefore, LGG 
can help to preserve the intestinal structure and its barrier function, which would otherwise be damaged by TMZ. Our 
study provides a new idea for the treatment of chemotherapy-related gastrointestinal reactions, as well as of diseases 
related to intestinal structural and functional impairment.
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Data Sharing
The original data presented in the study are included in the article/Supplementary Material. Further inquiries can be 
directed to the corresponding author/s.
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