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Abstract

Aflatoxin B1 (AFB1) is a widely spread mycotoxin that poses a threat to the healthy to human and animals. The liver
is the main target organ for AFB1-induced damage, primarily causing inflammatory injury and oxidative stress. When
AFB1 enters the body, it can damage the intestinal barrier function, and its metabolites are transported to the liver.
Therefore, the damage to the liver is closely associated with intestinal barrier impairment. Lactobacillus plays a cru-
cial role in mitigating liver damage by improving the intestinal barrier function. In our previous report, we reported
that Lactobacillus reduces liver damage caused by AFB1. However, it is still unclear how the intestinal barrier contrib-
utes to the protective effects of Lactobacillus against AFB1. To investigate the protective effects and intestinal bar-
rier mechanisms of Lactobacillus intestinals /rhamnosus against AFB1-induced liver damage, we orally administered
AFB1 and Lactobacillus intestinals/rhamnosus to male SD rats. Then the body weight, organ index, histopathological
changes in the liver and gut, liver and kidney function indicators, intestinal mucosal barrier indicators, serum AFB1
content and inflammatory factors, liver oxidative stress index, and short-chain fatty acids content were analyzed.
Our findings demonstrate that exposure to AFB1 resulted in changes in liver histopathology and biochemical func-
tions, altered inflammatory response and oxidative stress, compromised the intestinal mucosal barrier, and induced
the accumulation of inflammatory factor and inflammation in the liver. However, supplementation with Lactobacillus
intestinals or Lactobacillus rhamnosus significantly prevented AFB1-induced liver injury, alleviated histopathological
changes and hepatic injury by the maintenance of intestinal mucosal barrier integrity.
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Introduction
Aflatoxin B1 (AFB1) is widely recognized as one of the
most toxic mycotoxins [1, 2], carrying significant risks
to agriculture, animal husbandry, human health, and
food safety [1, 3, 4]. Its high carcinogenic and capacity to
induce liver damage through inflammation and oxidative
stress make it a major concern. These cytokines stimulate
various immune-related cells, leading to local immune
responses and inflammatory changes in the liver. When
exposed to AFBI1, animals produces inflammatory fac-
tors such as TNF-a (tumor necrosis factor) and IL-6
(interleukin-6), with TNF-a predominantly released
by macrophages [5]. These cytokines stimulate mono-
cytes, Kupffer’s cells, T cells, and other immune-related
cells to cause local immune response and inflammatory
changes in the liver [5]. AFB1 also triggers the produc-
tion of reactive oxygen species and oxidative stress in
the liver, further contributing to its toxicity [6]. Recent
research suggests that oxidative stress plays a significant
role in aflatoxin’s genotoxicity. Regulating the expres-
sion of inflammatory factors and oxidative stress fac-
tors may help mitigate liver damage [7, 8]. Our previous
study demonstrated that Lactobacillus can reduce AFB1-
induced hepatocyte vacuolation changes in chicken mod-
els. However, the underlying mechanism remains unclear.
The liver and intestineare closely interconnected in
terms of structure and function. Liver inflammation is
closely associated with intestinal barrier damage [9].
Approximately 75% of the blood supply to the liver comes
from the intestine through the portal vein system, carry-
ing nutrients, bacteria, metabolites, and toxins that can
affect liver function. Impaired liver function reduces
blood flow in the gut-liver axis, resulting in decreased
bile and lysozyme bacteria secretion and slowed intes-
tinal peristalsis [10]. This disruption compromises the
intestinal mucosal barrier, leading to increased intestinal
permeability. Bacterial toxins from the intestinal cavity
translocate to the liver via the portal vein system, further
exacerbating liver inflammation [11]. Previous studies
have highlighted intestinal barrier dysfunction as a key
factor in persistent inflammatory liver injury [12].
Lactobacillus exhibits various biological effects, includ-
ing anti-oxidation and anti-inflammatory properties
[13-16]. It has been shown to significantly reduce liver
inflammation reactions in experimental animal mod-
els exposed to AFBI, suggesting a potential role in pre-
venting and controlling liver inflammatory changes [5,
17]. Our previous study demonstrated that Lactobacil-
lus rhamnosus and Lactobacillus intestinalis can effec-
tively inhibit the expression of serum pro-inflammatory
cytokines TNF-a and IL-6 in AFB1-induced animal mod-
els, thereby reducing liver damage. Therefore, Lactobacil-
lus rhamnosus and Lactobacillus intestinalis may serve as
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ideal products for preventing liver inflammation. How-
ever, due to the rapid metabolism and clearance rate of
Lactobacillus in the body, achieving effective serum con-
centrations is challenging, making it difficult to directly
attribute the improvement of liver function and regula-
tion of inflammatory factors to Lactobacillus. Further
research is needed to fully understand the mechanism by
which Lactobacillus prevent liver inflammation.

This study aims to establish an animal model induced
by AFB1 and intervene with Lactobacillus rhamnosus
and Lactobacillus intestinalis to elucidate their role in
improving AFBl-induced liver inflammatory changes.
Additionally, we aim to explore the crucial role of the
intestinal mucosal barrier in modulating the occur-
rence and progression of liver inflammation. The find-
ings of this study will provide new preventative strategies
for liver inflammation and injury during severe AFB1
exposure.

Results

Histopathological observations of the liver

The results of liver tissue pathological changes in each
group are shown in Fig. 1. In the control group, the liver
tissue structure was normal, the liver cell structure was
full, the central vein was clearly visible, the hepatic cords
were arranged radially along the central vein, and there
was no obvious inflammatory cell infiltration in the tis-
sue (Fig. la). No abnormal pathological changes were
observed in the DMSO (Dimethyl sulfoxide) group
(Fig. 1b). However, in the AFB1 group, the hepatocyte
structure was loose, extensive water could be seen in the
hepatocytes, and some were edematous with vacuolar
degeneration, as shown by the yellow arrow in the figure.
There was also a small amount of inflammatory cell infil-
tration in the tissue, as shown by the black arrow (Fig. 1c).
Compared with the AFB1 group, the L1 (Lactobacillus
rhamnosus) and L2 (Lactobacillus intestinalis) treatment
groups showed a reduced extent of liver lesions caused by
AFB1. It can be seen from Fig. 1d and e that the degree
of liver cell edema was significantly reduced, with only a
small amount of inflammatory cell infiltration, especially
in the AFB1+L1 group. These findings suggest that the
addition of L1 and L2 can reduce the damage of AFB1 to
rat liver.

Histopathological changes of jejunum in rats

The results of pathological changes in the jejunum for
each group are shown in Fig. 2. The intestinal tissue
structure of control group rats was normal, the intestinal
villi were neatly arranged, the intestinal mucosa epithe-
lial cells showed no obvious dropsy or edema, the gob-
let cells of intestinal villi were visible (yellow arrow), the
intestinal crypts were visible (black arrow), and there was
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Fig. 1 Histopathological observation of livers after different treatments. a Control group. b Vehicle group (DMSO). c Rat treated with AFB1. d Rat
treated with AFB1 and L1. e Rat treated with AFB1 and L2. Note: All of the above observed at 200 x

Fig. 2 Histopathological changes of jejunum in each group of rats. a Control group. b Vehicle group (DMSO). ¢ Rat treated with AFB1. d Rat treated
with AFB1 and L1. e Rat treated with AFB1 and L2. Note: All of the above observed at 200x

no significant inflammatory cell infiltration (Fig. 2a). No
noticeable abnormalities were observed in the DMSO
group slices (Fig. 2b). However, compared to the control
group, the jejunum tissue structure of the AFB1 group
exhibited abnormalities, such as disordered, atrophic and
broken intestinal villi, edematous intestinal villi epithelial
cells, and exfoliated epithelial cells (yellow arrow). The
blood vessels in the submucosa were also hyperemic and
dilated (red arrow), and there was obvious inflammatory
cell infiltration (black arrow) (Fig. 2c). Compared to the
AFB1 group, the overall structure of the intestinal tissue
in the AFB1+L1 and AFB1+L2 groups appeared to be

normal. The intestinal villi were arranged in order and
only a few inflammatory cells infiltrated the tissues, as
shown by the black arrow in Fig. 2d and e. These findings
suggest that the addition of L1 and L2 could alleviate the
injury caused by AFB1 to the jejunum.

Effects of Lactobacillus intestinals and Lactobacillus
rhamnosus on serum liver function indexes in rats

with AFB1 poisoning

The serum liver function indices for each group
are shown in Fig. 3. There was no significant differ-
ence between the Control (CON) and DMSO groups,
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Fig. 3 Changes of serum liver function indexes in rats (CON group, DMSO group, AFB1 group, AFBT + L1 group, AFB1 + L2 group). The different
level changes of liver function indices (A-L). Note: Each value represents mean + SD. * and *** respectively indicate significant and extremely
significant differences compared with the control group (P<0.05; P<0.001); *** and ** points indicate significant difference compared

with the AFB1 group (P<0.05; P<0.01; P<0.001)
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indicating that the dosage of DMSO used in the experi-
ment did not have any effect on the rats’ livers. However,
compared to the CON group, the AFB1 group had signif-
icantly increased contents of ALT (Alanine aminotrans-
ferase), AST (Aspartate aminotransferase), ALP (Alkaline
phosphatase), LDH (Lactate dehydrogenase), CHE (Cho-
linesterase), TBIL (Total bilirubin), DBIL (Direct bili-
rubin), and IBIL (Indirect bilirubin) in serum while
significantly decreasing the contents of Total protein
(TP), Albumin (ALB), Globulin (GLB), and Prealbumin
(PA) (P<0.001). On the other hand, both the AFB1+L1
and AFB1+L2 groups showed a significant decrease in
the contents of ALT, AST, LDH, CHE, TBIL, DBIL, and
IBIL compared to the AFB1 group (P<0.001). Addition-
ally, the content of ALP in the AFB1+L1 group was sig-
nificantly lower than that in the AFB1 group (P<0.01),
while the content of ALP in the AFB1+L2 group was
significantly lower than that in the AFB1 group (P<0.05).
Furthermore, the contents of TP, ALB, and GLB in both
the AFB1+L1 and AFB1+L2 groups were significantly
higher than those in the AFB1 group (P<0.001), and the
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content of PA in the AFB1+L1 group was significantly
higher than that in the AFB1 group (P<0.05).

The effect of Lactobacillus intestinals and Lactobacillus
rhamnosus on serum inflammatory factors in AFB1
poisoned rats

The changes in serum inflammatory factors for each
group are shown in Fig. 4. The difference between the
control group and the DMSO group was not signifi-
cant, indicating that the dosage of DMSO used in this
experiment did not affect the changes in serum inflam-
matory factors in rats. Compared to the control group,
the AFB1 group showed significantly increased content
of TNF-a in serum (P<0.001). However, the content of
TNF-a in the AFB1+L1 group was significantly higher
(P<0.001), while the content of TNF-a in the AFB1+L2
group was significantly lower than that in the AFBI1
group (P<0.001). Additionally, the content of TNF-a in
the AFB1+L1 group was significantly lower than that
in the AFB1 group (P<0.05). Regarding IL-1p levels in
serum, the AFB1 group exhibited a significantly higher
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Fig. 4 Changes of serum inflammatory factors in rats (CON group, DMSO group, AFB1 group, AFB1 + L1 group, AFB1 + L2 group). A TNF-a level.
B IL-1B level. C IL-6 level. D IL-10 level. Note: Each value represents mean+SD. *, ** and *** respectively indicate significant and extremely significant

differences compared with the control group (P<0.05; P<0.01; P<0.001);

group (P<0.05; P<0.01; P<0.001)
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level compared to the control group. However, the lev-
els of IL-1pB (interleukin-1p) in both the AFB1+L1 and
AFB1+L2 groups were significantly higher (P<0.05),
while the level of IL-1p in the AFB1+L1 group was
slightly but not significantly lower than that in the AFB1
group (P>0.05). Moreover, the level of IL-6 in serum was
significantly higher in the AFB1 group (P<0.01), whereas
the level of IL-6 in the AFB1+L1 group was significantly
lower than that in the AFB1 group (P<0.05), and the level
in the AFB1+L2 group was also lower than that in the
AFB1 group although the difference was not significant
(P>0.05). In terms of IL-10 levels in serum, the AFB1
group exhibited a significantly lower level (P<0.05), while
the levels of IL-10 in both the AFB1+L1 and AFB1+L2
groups were significantly higher than that in the AFB1
group (P<0.01). These findings suggested that L1 and
L2 can reduce pro-inflammatory factors content and
increase anti-inflammatory factor content in serum of
AFB1-poisoned rats.
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Effects of Lactobacillus intestinals and Lactobacillus
rhamnosus on liver antioxidant status in rats with AFB1
poisoning

The changes in liver antioxidation for each group are
shown in Fig. 5. There was no significant difference
between the control group and the DMSO group, indi-
cating that the dosage of DMSO used in this experiment
did not affect the changes in liver oxidative stress indexes.
Compared to the control group, the AFB1 group showed a
significantly increased content in MDA (Malondialdehyde)
in the liver tissue (P<0.01), yet the MDA content in both
the AFB1+L1 and AFB1+4L2 groups was significantly
lower than that in the AFB1 group (P<0.05). Moreover,
the content of SOD (Superoxide dismutase) in the liver
of the AFB1 group was significantly decreased (P<0.01);
however, the content of SOD in both the AFB1+L1 and
AFB1+L2 groups was higher than that in the AFB1 group,
although the differences were not significant (P>0.05).
Regarding CAT (Catalase) levels in the liver, the AFB1
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Fig. 5 Changes in the antioxidant status of rat liver tissues (CON group, DMSO group, AFB1 group, AFB1 + L1 group, AFB1 + L2 group). A SOD level.
B CAT level. C GSH level. D GR level. Note: Each value represents mean £ SD. ** and *** respectively indicate significant and extremely significant
differences compared with the control group (P<0.01; P<0.001); *# and *** points indicate significant difference compared with the AFB1 group

(P<0.05;P<0.01; P<0.001)
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group yielded a significantly lower content compared to
the control group (P<0.01). However, the CAT content
in the AFB1+L1 group was significantly higher than that
in the AFB1 group (P<0.05), whereas the content in the
AFB1+L2 group was also higher than that in the AFB1
group, though the difference was not significant (P>0.05).
Furthermore, the GSH PX (Glutathione peroxidase) con-
tent in the liver tissue of the AFB1 group was significantly
lower than that in the control group (P<0.01). Neverthe-
less, the GSH PX content in the AFB1+L1 group was sig-
nificantly higher than that in the AFB1 group (P<0.05),
and the GSH content in the AFB1+L2 group was higher
than that in the AFB1 group, but the difference was not
significant (P>0.05). Lastly, the GR content in liver tissue
of the AFB1 group was significantly lower compared to the
control group (P<0.001); however, the GR content in both
the AFB1+L1 and AFB1+L2 groups were significantly
higher than that in the AFB1 group (P<0.001). These find-
ings indicated that L1 and L2 can reduce lipid peroxidation
in the liver of rats with AFB1 poisoning, with L1 exhibiting
a better effect.

Efects of Lactobacillus intestinals and Lactobacillus
rhamnosus on intestinal barrier indexes in rats with AFB1
poisoning

The changes in intestinal mucosal barrier function
indexes for each group are shown in Fig. 6. There was no
significant difference between the control group and the
DMSO group, indicating that the dosage of DMSO used
in this experiment did not affect changes in intestinal
mucosal barrier indexes in rats. Compared to the control
group, the AFB1 group exhibited a significantly increased
content of serum DAQO (Diamine oxidase) (P<0.01); how-
ever, the DAO content in the AFB1+L1 group was sig-
nificantly lower than that in the AFB1 group (P<0.05),

A DAO B
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whereas the DAO content in the AFB1+L2 group was
lower than that in the AFB1 group, but the difference
was not significant (P> 0.05). Furthermore, the content of
d-lac in the serum of rats in the AFB1 group was signifi-
cantly increased (P<0.01), yet the content of D-Lac(D-
lactic acid) in both the AFB1+L1 and AFB1+L2 groups
was significantly lower than that in the AFB1 group
(P<0.05). Regarding IFABP (Intestinal fatty acid-binding
protein) levels in serum, the AFB1 group yielded a sig-
nificantly higher level compared to the control group
(P<0.001); however, the IFABP level in the AFB1+L1
group was significantly lower than that in the AFB1 group
(P<0.001), and the level in the AFB1+L2 group was also
significantly lower than that in the AFB1 group (P<0.05).
These results suggest that L1 and L2 can reduce damage
caused by AFBI to the rat intestinal mucosa, with L1 hav-
ing a better effect.

Discussion

AFB1, the most toxic metabolite of aflatoxin Bl in the
liver, is known to bind to DNA and RNA, interfere with
protein synthesis, and cause liver damage [18]. In this
study, hepatocytes of the AFBl-treated rats exhibited
extensive edema, vacuolar degeneration, and mild infil-
tration of inflammatory cells between tissues. However,
the degree of hepatocyte edema was significantly reduced
in the groups treated with Lactobacillus rhamnoses
and Lactobacillus intestinalis, accompanied by a minor
amount of inflammatory cell infiltration. These findings
suggest that both lactobacilli have inhibitory effects on
AFB1-induced liver damage.

AFB1 induces oxidative stress by generating free radi-
cals, which have been identified as a key factor in liver
damage [19]. The imbalance between free radicals and
antioxidant defense systems leads to a cascade of destruc-
tive effects [20]. In vitro studies have reported that AFB1
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Fig. 6 Changes of intestinal mucosal barrier function in rats (CON group, DMSO group, AFB1 group, AFB1 + L1 group, AFB1 + L2 group). A DAO
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down-regulates antioxidant enzymes like SOD, GSH-
Px, GR, and CAT, resulting in increased lipid peroxida-
tion and decreased levels of exogenous antioxidants
such as reduced glutathione (GSH) [21]. Several studies
have also demonstrated decreased SOD activity in the
liver of broilers fed AFB1-contaminated diets, as well as
increased MDA concentration and decreased SOD con-
centration in AFBl-exposed dairy goats [22]. Moreover,
in our study, rats exposed to a dosage of 50 pg/kg body
weight of AFB1 exhibited liver and kidney damage, which
was associated with AFB1-induced oxidative stress. This
oxidative stress increased the production of MDA and
NO, while reducing the activity of important antioxida-
tive compounds such as GSH, GSH-Px, SOD and cata-
lase (CAT) [23]. Comparing the contents of SOD, CAT,
GSH, and GR in liver tissue of AFB1-treated rats to the
control group, we observed a significant decrease. How-
ever, the treatment with both Lactobacillus rhamnoses
and Lactobacillus intestinalis increased the contents of
these important antioxidative compounds (SOD, CAT,
GSH, GR) in liver tissue of AFB1-poisoned rats. These
findings indicate that Lactobacillus rhamnoses and Lacto-
bacillus intestinalis have the potential to reduce the oxi-
dative stress response in the liver of AFB1-induced rats,
ultimately mitigating the damage caused by AFB1.

AFB1 can induce inflammation in various organs
and cells, triggering defensive response to damage fac-
tors. This leads to excessive expression of chemokines
and inflammatory cytokines, such as TNF-a, IL-6, and
IL-8 [24]. NTNF-a is a pro-inflammatory cytokine that
directly damages the integrity and function of the intesti-
nal mucosa by stimulating the production of chemokines.
Conversely, IL-10 is an anti-inflammatory cytokine that
reduces the inflammatory response of the intestinal
mucosa and enhance local immunity. AFB1, at doses of
10-40 pg/kg, has been shown to increased the release of
TNEF-a while reducing the release of IL-10 [25]. Consist-
ent with previous studies, our research found a signifi-
cant increase in the levels of TNF-q, IL-1p, and IL-6, and
a decrease in IL-10 levels in the serum of rats exposed to
AFB1 compared to the control group. However, treat-
ment with Lactobacillus rhamnoses or Lactobacillus
intestinalis reduced TNF-a and IL-6 levels and increased
IL-10 content. Although Lactobacillus rhamnoses
showed a decreasing trend in IL-1p content, the differ-
ence was not significant. Similarly, while Lactobacillus
intestinalis reduced IL-1p content, the difference was not
significant. In summary, these results indicate that Lac-
tobacillus rhamnoses and Lactobacillus intestinalis have
inhibitory effects on kidney damage and inflammation in
rats exposed to AFB1, possibly by reducing the expres-
sion of pro-inflammatory cytokines and increasing the
expression of anti-inflammatory cytokines.
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The gastrointestinal tract is responsible for nutri-
ent digestion, absorption, and defense against pathogen
infections [26]. Due to the area of the intestine and the
residence time of food, it is more susceptible to AFB1
toxicity compared to other organs. The integrity of the
intestinal barrier is crucial for nutrient absorption and
inhibiting pathogen invasion. Long-term exposure to low
levels of AFB1 can hinder the growth performance of
pigs, reduce their digestibility, damage the integrity of the
intestinal barrier, decrease intestinal antioxidant capac-
ity, and increase pro-inflammatory cytokine production.
Recent studies have shown that AFB1 can significantly
disrupt intestinal barrier function [27]. Diamine oxi-
dase (DAO) is an important intracellular enzyme located
inthe cytoplasm of small intestinal cells, with high activ-
ity in animal intestinal mucosa, liver, kidney, and other
tissues. Its activity reflects the ability of intestinal cells
to synthesize protein and maintain cell activity. Healthy
organisms show very low DAO activity in the blood,
which mainly originates from intestinal cells. However,
when the intestinal mucosal layer cells are damaged and
necrotic, a large amount of DAO enters the blood circu-
lation, increasing DAO activity in the blood. Therefore,
DAO can be used to reflect the activity and integrity of
intestinal epithelial cells and evaluate intestinal perme-
ability [28]. Previous studies have shown that intestinal
ischemia—reperfusion caused damage to intestinal cells
and barrier function, consistent with changes in DAO
content in rats’ blood [29]. In our study, serum levels of
DAO, D-Lac, and IFABP in rats exposed to AFB1 were
significantly increased compared to the CON group,
indicating that AFB1 damaged the intestinal barrier func-
tion in rats. Treatment with Lactobacillus rhamnoses
significantly reduced serum levels of DAO, D-Lac, and
IFABP in rats exposed to AFB1. Although Lactobacillus
intestinalis treatment reduced DAO content, it was not
significant, but significantly increased D-Lac and IFABP
levels. These results suggest that Lactobacillus rhamnoses
and Lactobacillus intestinalis can reduce serum levels
of DAO, D-Lac, and IFABP to various degrees, thereby
inhibiting intestinal barrier damage caused by AFBI in
rats. The effects of Lactobacillus rhamnoses were more
significant than those of Lactobacillus intestinalis.

Several studies have demonstrated that mycotoxins can
severely damage the small intestine of chickens, leading
to villous epithelial cell atrophy, degeneration, necrosis,
submucosal hemorrhage, and infiltration of inflamma-
tory cells. This can cause the proliferation of intrinsic lay-
ers and goblet cells in the intestine, resulting in decreased
villous height, deepened crypt depth, and reduced vil-
lous/crypt ratio in the duodenum, jejunum, and ileum
[30]. This study found that Lactobacillus rhamnoses and
Lactobacillus intestinalis can mitigate these effects by
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reducing villous atrophy and rupture caused by AFBI,
preventing villous epithelial cell loosening, edema, and
shedding, and increasing villous height and villous/crypt
ratio. This leads to an improvement in the overall struc-
ture of the intestinal tissue, effectively returning it to a
normal state (Supplementary materials).

Lactobacillus has been shown to play an important role
in maintaining intestinal health by increasing the popu-
lation of beneficial microorganisms in the intestine. As a
functional food with increasing demand, Lactobacillus’
ability to bind and remove aflatoxins is also very impor-
tant as a dietary method for preventing adverse health
effects caused by AFB1 exposure [31]. AFBI1 is read-
ily absorbed into the blood through the gastrointestinal
tract. Some studies have found that Lactobacillus can
significantly reduce AFB1 levels [32-34]. In our study,
the effectiveness of Lactobacillus in reducing AFB1 lev-
els was investigated by measuring serum AFB1 levels in
all groups. No AFB1 was detected in the serum of the
control group rats. The AFBI levels in the serum of the
Lactobacillus intestinalis and Lactobacillus rhamnoses
groups were significantly reduced (Supplementary mate-
rials). These results suggest that Lactobacillus intestinalis
and Lactobacillus rhamnoses can bind with AFB1 in the
intestine, reducing its absorption. This reduces the avail-
ability of free AFB1 and subsequently its to the liver for
metabolic process. Overall, these findings suggest that
Lactobacillus may be a useful dietary supplement for
reducing AFB1 levels in the body and mitigating some of
the adverse health effects associated with AFB1 exposure.

Conclusions

This study demonstrated that oral administration of Lac-
tobacillus intestinalis and Lactobacillus rhamnosus can
reduce the occurrence of liver and kidney injury induced
by AFBLI in rats. The protective mechanism is believed
to be related to the maintenance of mucosal barriers in
the gut. AFB1 can disrupt the integrity of the intestinal
barrier and increase the permeability, allowing toxins
and harmful substances to enter the bloodstream and
affect various organs, including the liver and kidneys.
Lactobacillus have been shown to enhance the integrity
of the intestinal mucosa, improve the barrier function,
and reduce the absorption of AFB1 into the bloodstream.
This helps to prevent or mitigate the liver and kidney
injury caused by AFB1. The study’s findings suggest that
Lactobacillus intestinalis and Lactobacillus rhammnosus
could be potential dietary supplement for protecting
against AFB1-induced liver and kidney damage.
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Materials and methods

Main reagents

AFB1 storage solution

Dissolve AFB1 powder in DMSO to prepare a stock solu-
tion of AFB1 with a concentration of 1 mg/mL. When
using, dilute the stock solution with distilled water to the
desired concentration.

Strain cultivation

Lactobacillus rhamnosus was revived according to the
instructions, and inoculated into MRS liquid medium,
then incubated at 36 °C for 16 h in a constant tempera-
ture incubator. Lactobacillus intestinalis was stored
at —80 C and activated by inoculation into MRS liquid
medium and incubation at 36 °C for 16 h. The prepared
bacterial liquid was centrifuged (4 °C, 2000 X g, 10 min) in
a high-speed freezer, washed twice with phosphate-buft-
ered saline (PBS, pH 7.4), then resuspended in PBS and
adjusted to a live bacteria concentration of 1x10° CFU/
mL using a UV spectrophotometer.

Animal ethics

All animals procedures were conducted in accordance
with the Guidelines for the Care and Use of Experimen-
tal Animals at Heilongjiang Bayi Agricultural University
(Daqing, China) (DWKJXY2023063).

Animals

Fifty male SD rats were purchased from the Experimen-
tal Animal Center of Harbin Medical University and used
for animal testing in the animal house of the College of
Animal Science and Technology at Heilongjiang Bayi
Agricultural University.

Experimental animal grouping and management

After a 7-day period of adaptive feeding in the animal
room, rats were randomly assigned to five groups of
ten each and subjected to different treatments: group
I served as a blank control (CON); group II was treated
with DMSO solvent as a control (DMSO) by gavage at
a dose equivalent to AFB1 treatment, approximately
250 pg/kg body weight; group III was exposed to AFB1
toxin (AFB1) at a dose of 250 pg/kg body weight by gav-
age; group IV was treated with Lactobacillus rhamnosus
(AFB1+L1), each rat receiving 250 ug/kg body weight
of AFB1 and 1x10° CFU of Lactobacillus rhamnosus
by gavage, and group V was treated with Lactobacil-
lus intestinals (AFB1+L2), each rat receiving 250 pg/
kg body weight of AFB1 and 1x10° CFU of Lactobacil-
lus intestinals by gavage. AFB1 and Lactobacillus were
administered by gavage at 12-h intervals once a day. The
experiment lasted for 8 weeks. During the experiment, all
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groups of rats were fed the same regular diet and had free
access to drinking water under a 12-h light/dark cycle.

Sample collection

After the trial, all rats were fasted for 12 h. The rats were
restrained with a glass beaker, and a cotton ball soaked
in ether was placed in the beaker and keep the room
maintain ventilation. Blood samples were collected via
abdominal aortic puncture and transferred into 10 ml
centrifuge tubes. The tubes were then centrifuged at
1000 g for 10 min at 4 “C, and the supernatant was col-
lected and stored at —80 ‘C. Immediately after blood col-
lection, the rats were euthanized by neck dislocation, and
the organs including the heart, liver, spleen, lungs, and
kidneys were collected and washed with normal saline
to remove blood. The organs were blotted dry with filter
paper and weighed on an electronic balance. Portions of
the liver, duodenum, jejunum, ileum, cecum, colon, and
rectum were selected and fixed with 4% paraformalde-
hyde. Some liver tissue was snap-frozen in liquid nitro-
gen and stored at —80 C for subsequent analysis.

Histological section observation

The collected rat liver and intestinal tissues should be
fixed in 4% paraformaldehyde solution for at least 24 h.
After that, the fixed tissue blocks should be embed-
ded in paraffin to make 5 pm sections, which can then
be stained with hematoxylin—eosin or other staining
methods. Finally, observe the histopathological changes
of tissues using an optical microscope and capture
images for analysis purposes.

Serum liver function index determination

The serum liver function indexes are assessed by using
a fully automated biochemical analyzer to detect the
levels of alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), alkaline phosphatase (ALP), lactate
dehydrogenase (LDH), cholinesterase (CHE), total pro-
tein (TP), albumin (ALB), globulin (GLB), prealbumin
(PA), total bilirubin (TBIL), direct bilirubin (DBIL) and
indirect bilirubin (IBIL) in rat serum samples.

Measurement of pro-inflammatory cytokines in serum
Using enzyme-linked immunosorbent assay (ELISA)
according to the instructions of Nanjing Jiancheng
ELISA kit, detect the expression levels of IL-13, TNF-q,
IL-6 and IL-10 in serum.

Measurement of liver tissue lipid peroxidation product
MDA

The liver tissue sample taken out from —80 “C freezer was
cut into small pieces with scissors, homogenized in phos-
phate-buffered saline (PBS, pH 7.4), and centrifuged at
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1700 rpm for 10 min at 4 °C. The supernatant was collected
and the malondialdehyde (MDA) content was determined
according to the instructions of Nanjing Jiancheng ELISA
kit.

Measurement of liver tissue antioxidant indices

After homogenization of the liver sample, the superna-
tant was further diluted with phosphate-buffered saline
(PBS, pH 7.4) and the total protein level was deter-
mined using BCA protein assay kit (China Beyotime).
The levels of superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), and glu-
tathione reductase (GR) were then determined accord-
ing to the instructions of Nanjing Jiancheng ELISA kit.

Detection of intestinal mucosal barrier function indices

in rat serum

Detection of intestinal mucosal barrier function indica-
tors in rat serum. According to the instructions of Nan-
jing Jiancheng assay kit, detect the levels of diamine
oxidase (DAQ), D-lactic acid (D-Lac) and intestinal
fatty acid-binding protein (ILABP) in serum.

Measurement of AFB1 levels in serum

Measurement of AFB1 content in rat serum. The con-
centration of AFB1 in rat serum was measured using a
commercially available ELISA kit, COKAQ8000 (pro-
vided by Romer Labs, Beijing, China).

Data analysis and statistics

All mentioned experiments were performed in triplicate
to ensure accuracy and reproducibility. Excel was used for
preliminary statistical analysis of experimental data, and
SPSS 17.0 software was used to process the data. One-way
ANOVA was used to determine the significance between
groups, with P<0.05 indicating statistical significance.
The results were expressed as "mean*standard devia-
tion". GraphPad Prism 7.0 software was used to create
bar graphs and line graphs to visually display differences
and trends in the experimental data. In addition, more in-
depth data analysis and interpretation can be performed
using statistical methods such as multi-factor ANOVA,
t-test, and correlation analysis with SPSS 17.0 software.
Finally, scientific conclusions and summaries were drawn
based on the experimental results.

Abbreviations

AFB1 Aflatoxin B1

DMSO Dimethy! sulfoxide
AFB1+L1  Lactobacillus rhamnosus
AFB1+L2  Lactobacillus intestinals
CON Control

ALT Alanine aminotransferase
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AST Aspartate aminotransferase

ALP Alkaline phosphatase

LDH Lactate dehydrogenase

CHE Cholinesterase

TP Total protein

ALB Albumin

GLB Globulin

PA Prealbumin

TBIL Total bilirubin

DBIL Direct bilirubin

MDA Malondialdehyde

SOD Superoxide dismutase

CAT Catalase

GSH-Px Glutathione peroxidase

GR Glutathione reductase

DAO Diamine oxidase

D-Lac D-lactic acid

ILABP Intestinal fatty acid-binding protein
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