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A B S T R A C T

Aluminum is the most abundant environmental pollutant. Recent studies suggest that aluminum exposure 
increases the risk of multiple diseases, including intestinal barrier dysfunction. We investigated whether 
Pueraria lobata extract (PLE) is effective in safeguarding against aluminum chloride exposure-
exacerbated intestinal barrier dysfunction. Using an experimental colitis model of aluminum-exacerbated 
dextran sulphate sodium (DSS)-treated mice, clinical and pathological evidence suggested that the 
administration of PLE counteracted aluminum exposure-induced intestinal barrier damage. In addition, 
we found that aluminum toxicities, including loss of tight junction molecules (TJs), upregulated 
pro-inflammatory cytokines, and enhanced myeloperoxidase (MPO) activity, were significantly 
suppressed by PLE administration. Furthermore, PLE administration was identified to inhibit activation 
of MAPKs and NF-κB signal pathways, which contribute to upregulation of myosin light-chain kinase 
(MLCK) in inflamed intestine. Taken together, these results suggest that PLE might be a potential 
candidate for aluminum exposure-related intestinal barrier dysfunction.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

The intestinal barrier is mainly composed of tight junction 
proteins (TJs), intestinal epithelial cell membranes, antimicrobial 
peptides, mucosal layers, and the immune system[1]. As one of the 
barriers, the intestinal epithelial cells form a single-cell layer that acts 
as a selective osmotic barrier, allowing for the stable absorption of 
nutrients and preventing the entry of harmful molecules (e.g., 

pathogens, toxins, and antigens) into the mucosal tissues and 
circulatory system from the luminal environment[2-3]. Given the leaky 
gut loosening the precise entry and exit of risk factors, the current 
knowledge suggests that dysfunction of intestinal barrier function not 
only disrupts the intestine itself but also causes systemic diseases 
such as obesity, diabetes, and even cognitive disorders[4-5]. Of note, 
TJs are crucial for intestinal integrity through forming a physical 
barrier to regulate the paracellular permeability and prevent 
inflammatory molecules[6]. Therefore, it is important to maintain the 
intestinal barrier homeostasis for prevention against diseases.

Aluminum has become the most abundant metal pollutant in the 
global nowadays and is frequently ingested with food and water[7]. 
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Long-term exposure to aluminum causes cumulative toxic harm to 
humans[8]. The reported toxic effects of aluminum include 
neurotoxicity, immunotoxicity, reproductive toxicity, and skeletal 
effects[9-12]. In addition, aluminum has been epidemiologically 
identified to promote intestinal barrier dysfunction[13-14]. The toxicity 
of aluminum on intestinal damage includes excessively generated 
pro-inflammatory cytokines, increased reactive oxygen species 
(ROS), and downregulated TJs[15-16].

Pueraria lobata is the dried root of kudzu, which is widely 
utilized in East Asia and is even listed in the 50 fundamental 
dietary herbs of traditional Chinese medicine[17-18]. Various health 
benefits of P. lobata extract (PLE) and its compounds to diseases, 
such as alcoholic liver injury, cardiovascular diseases, and 
diabetes, have been well summarized by systemic reviews[19-22]. 
Interestingly, accumulating reports suggested that PLE lowers the 
dysfunction of the intestinal barrier. Gegen Qinlian decoction, in 
which P. lobata serves as a key member, had been recommended to 
alleviate dextran sulphate sodium (DSS)-induced experimental colitis 
via inhibiting NF-κB activation and excessive myeloperoxidase 
(MPO) activity[23]. In another report, fermented PLE was able to 
recover the intestinal barrier by reducing pro-inflammatory 
cytokines[24]. Moreover, Ga et al. [25] performed an in vivo research 
using DSS-induced colitis model and confirmed the protective role 
of PLE on intestinal barrier function. In addition, products based 
on PLE have been well developed to prevent against excessive 
alcoholic intake-induced liver toxicity through restoring the 
intestinal barrier hemostasis[26].

On the basis of the protective potential of PLE on intestinal 
barrier hemostasis and the intestinal toxicity of aluminum exposure, 
we therefore hypothesized that PLE antagonizes intestinal barrier 
dysfunction induced by aluminum chloride (AlCl3) exposure using 
DSS-induced colitis. The clinical and pathological evidence suggested 
that the administration of PLE antagonized the excessive intestinal 
permeability and intestinal TJs loss induced by aluminum exposure. 
Furthermore, investigation of mechanisms reflected that alteration of 
proinflammatory cytokine profile, MPO activity, and inactivation of 
MAPK/NF-κB-MLCK signaling pathway contribute to PLE antagonizing 
aluminum exposure-induced intestinal barrier dysfunction.

2.　Materials and methods

2.1　Regents, kits and antibodies

For detailed materials including regents, kits, and antibodies 
unless indicated are listed in Table S1.

2.2　Extraction and composition analysis of PLE

The P. lobata was gifted by Shangrao Ecological Agricultural 
Products Development Co., Ltd. (Shangrao, China). Briefly, the 
P. lobata was peeled, dried, and crushed with a pulverizer and passed 
through a 40-mesh sieve. After collection, the samples were extracted 
by ultrasonic-assisted extraction and the PLE was freeze-dried with a 
vacuum dryer. Appropriate HPLC detection methods were established 
and 6 flavonoids (puerarin, daidzin, rutin, daidzein, quercetin, 
genistein) which were suggested to be rich in PLE were assessed with 
reference to pioneering literature.

2.3　Animals and experimental designs

Male C57BL/6 mice of 7–8 weeks were purchased from Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, China). 
Mice were acclimatized to the environment in an animal room for 
1 week (temperature 23–26 ℃, humidity 45%–60%, maintain a 12 h 
light/dark cycle) prior to treatments. A total of 40 mice were 
randomly divided into 4 experimental groups (Fig. 1). DSS and 
AlCl3 were dissolved in distilled water, and the mice received the 
same ordinary diet unless indicated. The AlCl3-exacerbated DSS 
colitis model (DSS + AlCl3) was established according to the method 
of Pineton de Chambrun et al.[16] with modifications.  Groups are as 
follows: 1) Control (CON) group in which mice received distilled water 
to drink; 2) DSS group in which mice received distilled water containing 
2% DSS; 3) DSS + AlCl3 group in which mice were oral intake of 
distilled water containing 2% DSS and gavaged with 25 mg/kg of AlCl3 
referring to the previously published method regarding mouse model of 
aluminum-exacerbated colitis[16]; 4) PLE group in which mice were 
gavaged with PLE (200 mg/kg) in addition to DSS + AlCl3. The dose of 
PLE available here had been validated by our preliminary 
experiments according to previous reports[23-24,27].

The body weight, fecal status, and anal bleeding were recorded 
daily, and all mice were sacrificed on day 15. Animal experimental 
procedures were approved by the Experimental Animals Ethics 
Committee of Tianjin University of Commerce (TKLFB-2023YJS-6) 
according to the Guide for the Care and Use of Laboratory Animals 
(order No. 2006-398, Ministry of Science and Technology, China).

2.4　Assessment of fluorescein isothiocyanate (FITC)-dextran 
levels in serum

The serum concentrations of FITC-dextran were tested according 
to the kit manufacturers. Briefly, mice were gavaged with 40 mg/kg 
FITC-dextran 4 h before sacrifice and serum samples were extracted 
from ocular venous blood, protected from light for 2 h, and centrifuged 
at 4 ℃ for 10 min at 3 000 r/min. The absorbance of samples was 
measured at 528 nm emission and 485 nm excitation.

2.5　Tissue sampling analysis

On day 15, blood collected from the eye vein was centrifuged at 
4 ℃ for 10 min at 3 000 r/min, and the supernatant was collected. The 

Distilled water Distilled water
CON

0 7 14

2% DSS Distilled water
DSS

0 7 14

2% DSS 25 mg/kg AlCl3
DSS + AlCl3

0 7 14

2% DSS 25 mg/kg AlCl3 + 200 mg/kg PLE
PLE

0 7 14

Time (days) 

Time (days) 

Time (days) 

Time (days) 

Fig. 1　Schematic diagram of oral administration of PLE to mice.
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weight and the length of the colon were recorded, and part of the 
colon tissue was fixed in 4% paraformaldehyde solution, and the 
remaining tissue samples were stored in a –80 ℃ refrigerator.

2.6　Histological analysis

Colon tissue was immobilized with 4% paraformaldehyde 
solution. After 48 h, the fixed tissues were dehydrated, embedded, 
sliced, and stained with hematoxylin and eosin (H&E). The 
assessment of intestinal histopathological changes was regarding a 
previously established scoring system[28].

For immunohistochemistry assessment, the slices were 
sequentially soaked in xylene, gradient ethanol and water, and then 
repaired with EDTA under high pressure. Endogenous peroxidase 
blockers were added according to the manufacturer’s instructions, 
and the sections were washed three times for 5 min with PBS, 
followed by overnight incubation at 4 ℃ with primary antibodies for 
claudin-4, occludin, and MLCK, and at 37 ℃ with the corresponding 
secondary antibodies. Under the condition of avoiding light, the 
tissues were reacted with DAB chromogenic agent, and 
hematoxylin staining was carried out according to standard 
procedure. Photographs of different fields of view were taken 
using a light microscope (Olympus, Tokyo, Japan). Finally, slices 
were from 3 different mice per treatment group in which 4 fields 
(400×) were selected for each slice to be photographed, and the 
percentage of positive area was calculated by ImageJ software.

All the histopathological features were kept consistently with original 
magnification 40×, scale bar 500 μm; original magnification 100×, scale 
bar 200 μm; and original magnification 200×, scale bar 100 μm.

2.7　Western blot analysis

Briefly, colon tissue was taken into RIPA solution with protease and 
phosphatase inhibitors (Thermo Scientific, North Carolina, USA), 
ground at low temperature, centrifuged at 4 ℃, and supernatant was 
collected. Quantitative determination of proteins according to 
manufacturer’s instructions. Equal amounts of protein extracts were 
separated on sodium dodecyl sulfate polyacrylamide gel and then 
wet-transferred to a polyvinylidene fluoride (PVDF) membrane. 
PVDF membrane was blocked with 2% bovine serum albumin 
(BSA) for 1 h. Subsequently, membranes were incubated with 
primary antibodies against claudin-4, occludin, ZO-1, p-ERK1/2, 
ERK1/2, p-JNK, JNK, p-p38, p-38, p-p65, p-65, Lamin B1, 
GAPDH, and β-actin overnight at 4 ℃. Then they were washed 
with TBST buffer and the correspondingly secondary anti-mouse 
or anti-rabbit antibodies were incubated for 1 h at room 
temperature. Finally, western blotting strips were reacted with an 
enhanced chemiluminescence solution and detected using an 
imaging system (Monad, Suzhou, China). ImageJ software (Bethesda, 
MD, USA) was utilized to quantify the protein bands compared with 
the internal references including GAPDH, β-actin.

2.8　 Isolation of total RNA and the quantitative real-time 
polymerase chain reaction (PCR)

Trizol was used to homogenize colon tissue to obtain total RNA, 
and then the total RNA was reverse transcribed into cDNA with 

cDNA reversal kit, and finally real-time PCR amplification was 
performed by MonAmpTM SYBR Green qPCR Mix Kit, and the 
mRNA expression of tumor necrosis factor-α (TNF-α), interleukin-1β 
(IL-1β), and interleukin-6 (IL-6) was detected by GAPDH as an 
internal control. Information of primer sequences is listed in 
Table S2.

2.9　MPO activity assay

The colonic tissues were homogenized with the buffer solution 
corresponding to the kit. The MPO activity was measured according 
to the manufacturer’s instructions.

2.10　Statistical analysis

The results were analyzed by GraphPad Prism software 8.0, 
expressed as mean ± standard deviation, and one-way ANOVA was 
performed by Turkey method. A statistical probability of P < 0.05 was 
considered significant.

3.　Results

3.1　PLE is rich with dietary flavonoids puerarin, rutin, 
and daidzin

On the basis of the previous methods, 6 suggested flavonoids of 
PLE were tested using HPLC chromatograms (Figs. 2A-C)[29-31]. Our 
data manifested that puerarin was the most abundant compound with 
the concentration of 31.69 mg/g, followed by rutin (14.19 mg/g), 
daidzin (7.75 mg/g), daidzein (1.43 mg/g), quercetin (0.63 mg/g) and 
genistein (0.57 mg/g) (Table 1).

3.2　PLE ameliorates AlCl3 exposure-exacerbated colitis

Before assessing the effects and mechanisms of PLE prevention 
against exacerbated DSS-induced colitis by aluminum, it is vital to 
ensure that the established mouse model well reflects the pathogenesis. 
As shown in Fig. 3, aluminum administration (25 mg/kg) definitely 
exacerbated colitis, reflected by broader performances, including 
weight loss, barrier permeability, the length of colon, and pathological 
scores, compared with mice that received DSS alone. These results 
indicated that the current model is competently available in the 
following investigation.

On the basis of the established aluminum-exacerbated colitis 
model, we asked whether PLE protects against it. Administration with 
PLE (200 mg/kg) was available in the investigation, and parameters 

Table 1
Content of 6 compounds in PLE.

Compound number

1

2

3

4

5

6

Compound name

Puerarin

Daidzin

Rutin

Daidzein

Quercetin

Genistein

Retention time (min)

15.00

17.04

21.43

24.60

25.70

26.96

Content (mg/g)

31.69

7.75

14.19

1.43

0.63

0.57
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for assessment of colitis were recorded according to previous 
method[23-24,32]. Mice of DSS + AlCl3 group showed enhanced weight 
loss since day 5 compared with mice of PLE group (Fig. 3A). 
Furthermore, as shown in Fig. 3B, the mice of DSS + AlCl3 group had 
the much higher serum FITC-dextran content compared with mice of 
DSS group, indicating that AlCl3 exposure resulted in more worsened 
damage of intestinal epithelial permeability. Oppositely, mice of PLE 
group displayed significantly deceased FITC-dextran content 
compared with mice exposed to AlCl3, indicating that PLE 
counteracted AlCl3-indueced intestinal barrier dysfunction. In 
addition, PLE administration also restored the shortened colon length 
and weight loss resulting from AlCl3 exposure (Figs. 3C-E). 
Supportively, the histopathological score of colon samples was 
characterized by the worst destruction of epithelial structures, infiltration 
of inflammatory cells, and loss of goblet cells in the DSS + AlCl3 group 
(Fig. 3F). On the opposite, mice of the PLE group possessed the 
better intestinal epithelial integrity and the less infiltration of 

inflammatory cells. Taken together, these findings suggested that 

exposure to aluminum definitely exacerbated colitis and as was 

counteracted by PLE administration.

3.3　 PLE suppresses loss of tight junctions induced by 
exposure to AlCl3

The above findings indicated that PLE protected the integrity of 

the intestinal barrier. Given that TJs are critical for constructing the 

epithelial barrier, we then investigated whether PLE protected against 

AlCl3-exacerbated intestinal barrier injury involving in TJs. As 

expected, intestinal TJs, such as occludin, claudin-4 and ZO-1, were 

significantly upregulated in mice administrated by PLE as compared 

with DSS group and DSS + AlCl3 group (Figs. 4A-D), These findings 

were further confirmed by immunohistochemical tests on colon 

samples (Figs. 4E and F).
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3.4　 PLE ameliorates inflammation and oxidative stress in 
flamed intestine

Inflammatory processes and oxidative stress disrupt the 
epithelial barrier, impairing intestinal paracellular permeability, 

we then evaluated whether PLE exerted protective effects 

associated with the suppression of inflammation and oxidative 
stress. A pioneer report by Jeong et al.[15] presented definite 

evidence that oral administration of AlCl3 to DSS-treated mice 

worsened intestinal inflammatory cytokine profile and MPO 

activation. As shown in Fig. 5, mice with aluminum exposure led 

to a worsening of production of pro-inflammatory cytokines, 

including TNF-α, IL-1β, and IL-6, and MPO activity in intestinal 

samples. Interestingly, these effects induced by aluminum 

exposure were markedly reversed when mice received PLE 

addition. These data indicated that PLE effectively suppressed 
exposure to aluminum-induced enhancement of inflammation and 
oxidative stress in the colitis model.

3.5　PLE inhibits activation of intestinal MAPK and NF-κB 
pathways and expression of MLCK

Over the past decades, it has been well established that 
inflammation and/or oxidative stress independently or collaboratively 
disrupts the intestinal barrier by activating signal transduction 
pathways such as NF-κB and MAPK to regulate cytoskeletal 
proteins leading to loss of TJs and subsequent barrier dysfunction[33]. 
Indeed, aluminum stimulation leading to intestinal oxidative stress 
and inflammation activates MAPK and NF-κB pathways, 
destroying the intestinal barrier[34]. Interestingly, although there is 
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no direct evidence regarding PLE resistance to aluminum stimulation, 
PLE is recommended to be protective on intestinal hemostasis[35-36]. 
Our above findings indicate that PLE addition reversed aluminum 
exposure-exacerbated dysfunction of intestinal barrier, and we next 
evaluated that the protective effect of PLE was mediated by 
suppressing MAPK and NF-κB activation.

As shown in Figs. 6A-C, assessment of intestinal samples 
indicated that administration of PLE effectively reduced the 
phosphorylated proteins of ERK, JNK, and p-38 as compared with 
aluminum stimulation. Likewise, aluminum stimulation-induced 
phosphorylation of NF-κB p-65 in the nucleus was significantly 
reduced by PLE administration (Fig. 6D).

Studies have shown that activation of NF-κB and MAPK 
pathways results in upregulated MLCK expression in epithelial 
barrier[6,37]. Subsequently, MLCK-dependent MLC phosphorylation 
disrupts TJs, leading to intestinal barrier dysfunction[38-39]. In 
subsequent studies, we evaluated whether PLE administration 
reduced MLCK expression in gut. Immunohistochemistry assessment 
of the colons manifested that mice exposed to aluminum stimulation 
had a significantly higher MLCK expression as compared with mice 
administrated by PLE (Fig. 6E).

4.　Discussion

The intestinal barrier function is crucial to keeping tissue 
homeostasis. Given that the intake of food is the fundamental action 
of the intestine, the barrier is constantly being challenged by various 
substances[40]. Intestinal tissue homeostasis is safeguarded by 
junctions between epithelial cells. In particular, lateral sides of 
neighboring cells are sealed by TJs, which form the restrictive 
cellular pores to maintain the permeability of intestinal epithelial 
layers to substances. TJs loss resulted from risk factors such as toxins, 
inflammation, and oxidative stress, enabling the intestine to become 
leaky and lose of barrier integrity[41].

Intake of aluminum is inevitable due to its properties as the most 
abundant metal element on earth and food containers. The principal 
route of intake of aluminum is the breakthrough of the intestinal 
barrier, contributing to diseases due to the disruption of intestinal 
epithelial integrity[42-45]. Aluminum exposure induces loss of intestinal 
barrier TJs through activating ERK1/2 and NF-κB signal pathways, 
which result in upregulated matrix metalloproteinase-9, MLCK, 
inflammatory cytokines, and MPO activity[15]. Furthermore, aluminum 
exposure worsened the severity and duration of inflamed intestine 
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identified with several mouse models of experimental colitis[16]. These 
researches suggest that aluminum exposure serves as an 
environmental risk factor for intestinal injury. However, it is far short 
of effective tactics against intestinal barrier dysfunction associated 
with aluminum exposure.

Growing reports have suggested that P. lobata might provide a 
probable solution to intestinal barrier dysfunction. In this study, 
we provide clear evidence that PLE administration mitigates 
aluminum exposure-exacerbated intestinal barrier dysfunction. 
Furthermore, we present the mechanisms behind it involving 
targeting the pro-inflammatory cytokines, oxidative stress, and 
MAPK/NF-κB-MLCK signaling pathway (Fig. 7).

The current consensus is that the bioactive compounds from PLE 
are indispensable for the health effects of P. lobata[46-47]. There are 
more than 100 chemical constituents, including isoflavones, 
triterpenoids, coumarins, alkaloids, and others, currently documented 
by literature reports[48-49]. Flavonoids and saponins are considered as 
the main bioactive substances due to the highest population 
accounting for various PLEs[50]. Of these compounds, isoflavones 
puerarin and daidzein are the representative compounds reflecting the 
vast majority of bioactive features of PLE[51-53]. As a unique 
component of the Pueraria genus, puerarin has been chosen to be a 
quality control marker for P. lobata in China[54]. Indeed, the most 
abundant flavonoid of PLE available in our experiments is puerarin 
(31.69 mg/g) followed by rutin (14.19 mg/g) and daidzin (7.75 mg/g). 
In agreement, a recent research reported that there are around 180 
chemical ingredients identified in PLE for ameliorating ulcerative 
colitis in mice and the contents of puerarin, daidzin and daidzein are 
with the highest relative levels[25]. Interestingly, these flavonoids are 
commonly abundant regardless of PLEs isolated from various 
methods and have been frequently documented in maintenance of 
intestinal barrier hemostasis[55-56]. As the most abundant substance 
of PLE, puerarin was reported to downregulate NF-κB and NF-E2 
p45-related factor 2 (Nrf2) signaling pathways to alleviated mice 

colitis[27]. In addition, puerarin administration alters gut microbiota to 

regulate short-chain fatty acids, pyroptosis and macrophage 

polarization contributing to the enhanced intestinal barrier[25]. Akin to 

puerarin, rutin and daidzein were also available in treatment of 

intestinal damage through targeting MPO activity and NF-κB and 

MAPK activation[57-58]. Therefore, our current clinical evidence and 

ingredient analysis suggest that PLE has the potential as a protective 

agent to aluminum exposure-exacerbated intestinal barrier injury.

In conclusion, our experimental findings propose PLE as a potential 

solution of aluminum toxicity for intestinal barrier dysfunction. 

Furthermore, we delineate the mechanism by which aluminum-mediated 

intestinal pathogenesis can be suppressed by PLE involving inhibition 

of inflammation and oxidative stress through counteraction of intestinal 

NF-κB and MAPK signal pathways. The demonstration also proposes a 

potential therapeutic development based on PLE or main compounds of 

PLE on aluminum toxicity to intestinal dysfunction.
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