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Abstract

Montmorillonite (MMT), a natural absorbent agent, has widely been accepted for its anti-
diarrhea function in human and farm animals; however, its specific physicochemical property
limits its biological function in practical use. In the current study, raw MMT was loaded
by andrographolide, namely andrographolide loaded montmorillonite (AGP-MMT). The micro-
structure of AGP-MMT was observed by scanning electron microscope (SEM) and X-ray diffrac-
tion (XRD). The effect of AGP-MMT on the growth performance, intestinal barrier and inflam-
mation was investigated in an enterotoxigenic Escherichia coli (ETEC) challenged mice model.
The results show that the microstructure of MMT was obviously changed after andrographolide
modification: AGP-MMT exhibited a large number of spheroid particles, and floccule aggregates,
but lower interplanar spacing compared with MMT. ETEC infection induced body weight losses
and intestinal barrier function injury, as indicated by a lower villus height and ratio of villus
height/crypt depth, whereas the serum levels of diamine oxidase (DAO), D-xylose and ETEC
shedding were higher in the ETEC group compared with the CON group. Mice pretreated with
AGP-MMT showed alleviated body weight losses and the intestinal barrier function injury
induced by ETEC challenge. The villus height and the ratio of villus height/crypt depth, were
higher in mice pretreated with AGP-MMT than those pretreated with equal levels of MMT.
Pretreatment with AGP-MMT also alleviated the increased concentration of serum tumor necro-
sis factor-a (TNF-a)) and interleukin-1f (IL-1pB), and the corresponding genes in the jejunum
induced by ETEC infection in mice. The protein and mRNA levels of IL-13 were lower in mice
pretreated with AGP-MMT than those with equal levels of MMT. The results indicate that
AGP-MMT was more effective in alleviating intestinal barrier injury and inflammation in mice
with ETEC challenge than MMT.
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Introduction

Enterotoxigenic Escherichia coli (ETEC) is one
of the most common bacterial causes of morbidity
and mortality in children and farm animals (Gaastra and
Svennerholm 1996, Ma et al. 2021). The most typical
manifestation of ETEC infection is diarrhea. ETEC
infection leads to acute watery diarrhea and subsequent
intestinal barrier injury and inflammation (Sargeant
et al. 2010, Brubaker et al. 2021). It is expected that
ETEC stress may be alleviated by maintaining the intes-
tinal barrier function, thus protecting intestinal health.
Antibiotics are the most popular treatment, but the
occurrence of antibiotic resistance genes, which trans-
fer to human pathogens, and the clearance of beneficial
intestinal microorganisms (Bywater 2005, Rodas et al.
2011) prompted us to find alternative treatments to deal
with ETEC infection.

Montmorillonite (MMT), also known as dioctahe-
dral montmorillonite, is a natural alumino-magnesium
silicate with multiple physicochemical properties, such
as absorption and ion exchange capacity. MMT has
been widely accepted as an anti-diarrhea agent in many
countries for its safety and ease of access, though it is
not recommended as the first-line medicine (Guarino
et al. 2009, Hu et al. 2012, Guarino et al. 2014, Chen
et al. 2018). In addition, MTT also exhibits a beneficial
effect on the growth performance and intestinal health
of farm animals (Liu et al. 2020). Growing evidence has
implicated MMT as a natural mineral and drug carrier
(Massaro et al. 2018, Liu et al. 2020), and modified
MMT with a mineral, such as copper, exhibited
an enhanced growth promoting role in broilers by regu-
lating intestinal barriers, the anti-inflammatory response,
and anti-oxidant capacity (Wang et al. 2022). Plant
extracts has attracted widespread attention for its safety
and effectiveness against certain pathogenic bacteria
(Cheng et al. 2014, Vaseeharan and Thaya 2014).
Andrographolide is the main active component of the
medicinal plant Andrographis paniculate, which has
been widely used in China and Southeast Asia
(Abu-Ghefreh et al. 2009), and possesses diverse bio-
logical functions, including anti-inflammatory and anti-
oxidant (Burgos et al. 2021). However, the low aqueous
solubility, poor bioavailability, and short half-life
of andrographolide limits its biological activity (Ghosh
et al. 2016). These disadvantages can be mitigated by
the use of a suitable delivery system. Therefore, andro-
grapholide loaded MTT is a promising strategy for en-
hancing its function in response to ETEC infection.

The purpose of this study was to investigate the
loading capacity of MMT for andrographolide interca-
lation and its protection function on the intestinal health
of mice with ETEC infection.

Materials and Methods

Materials

The raw MMT used in this study was produced
in Mongolia, China. Andrographolide was purchased
from the Shanghai Tongtian biotech company with
a purification above 98 percent.

Preparation of andrographolide modified
montmorillonite (AGP-MMT) and analysis

The AGP-MMT was prepared after sodium modifi-
cation, polyethylene glycol modification and androgra-
pholide modification of the raw MMT. Briefly, the raw
MMT was mixed with water in a mass ratio of 1:8,
about 4.0% sodium carbonate was further added and
stirred for 2 h to achieve a homogenized slurry. About
10 g of sodium modified MMT was mixed with 0.4 g
polyethylene glycol and mixed for 1.5 h at 60°C.
Finally, the polyethylene glycol modified MMT
was mixed with andrographolide at a ratio of 5:1,
the AGP-MMT was acquired after mixing, drying and
grinding through a 200 mesh sieve.

The andrographolide concentration in AGP-MMT
was measured by high-performance liquid chromato-
graphy (SHIMADZU LC-10AT, Shimadzu, Japan).
Andrographolide was separated on an Agilent TC-C18
analytical column (4.6 x 150 mm) at 25°C, the mobile
phase was methanol with water. The flow rate was
0.8 mL/min, the injection volume was 10 pL and the
detection wavelength absorbance was 225 nm. The con-
centration of andrographolide in AGP-MMT was calcu-
lated according to the standard curve between peak area
and andrographolide content.

Structure analysis
Scanning electron microscope

The surface and microstructure of MMT and
AGP-MMT samples were observed under a scanning
electron microscope (SEM, Quanta 250FEG) at 20 kV
and 80 pA.

X-ray diffraction

MMT and AGP-MMT samples were examined
by XRD using Cu-Ka radiation (A=1.5406 nm) under
40 kV and 30 mA. Samples were continuously scanned
from 0° to 85° at 5°/min. The intercalated structures
were identified using Bragg’s relation: A=2dsin0, where,
‘A’ is the wavelength of X-ray, ‘d’ is the interplanar
spacing in a crystalline sample and ‘0’ is the angle
of the diffraction.



www.czasopisma.pan.pl P N www.journals.pan.pl

IS

Andrographolide loaded montmorillonite attenuated enterotoxigenic ... 369

Animals and experiment

All experiments performed were approved by the
Animal Care and Use Committee of Henan University
of Technology (Ethic Approval Code: Hena202105-1),
and were performed in accordance with the National
Research Council’s Guide for the Care and Use
of Laboratory Animals, Chinese Order No.676 of the
State Council, 1 March 2017.

A total of forty-eight male Kunming mice with
a similar age and body weight were randomly assigned
to control group (CON), ETEC group (ETEC), low
levels of AGP-MMT(AGP-MMT-L), medium levels of
AGP-MMT(AGP-MMT-M), high levels of AGP-MMT
(AGP-MMT-H), and high levels of MMT (MMT-H),
with eight repeats per group. After one week adaption,
ETEC, AGP-MMT-L, AGP-MMT-M, AGP-MMT-H,
and MMT-H were challenged with ETEC on day 8
as previously described (Ren et al. 2014). From day 9
to 15, AGP-MMT-L, AGP-MMT-M and AGP-MMT-H
group mice were orally gavaged with 0.4, 0.8 and
1.2 g/kg, respectively. Mice in the MMT-H group
were orally gavaged with the same amount of MMT
as AGP-MMT-H, and mice in the CON group were
orally gavaged with saline. All mice were sampled
at day 16 after 12 h fasting.

ETEC counting

ETEC in feces was measured as previously descri-
bed (Wang et al. 2022). Briefly, the fresh feces were
collected and homogenized in saline and plated on
MacConkey agar through gradient dilution. After 24 h
incubation at 37°C, Colony-forming unite (CFU) were
counted. The concentration of Escherichia coli was
expressed by the log CFU per gram of feces or tissues.

Real-time RT-PCR

All primers were designed through primer BLAST
from NCBI as previously described (Wang et al. 2022).
Total RNA of frozen samples was extracted using the
RNAiso Plus reagent, and the complementary DNA
(cDNA) was synthesized using a reverse transcription
kit. Real-time quantitative PCR (RT-qPCR) was per-
formed on a CFX96 Real-Time PCR Detection System
(Analytik Jena, Jena, Germany) to quantify mRNA
expression with a commercial SYBR Green kit. B-actin
was used as the internal control. The gene expression
levels of different samples were compared using the
2744¢T method.

Intestinal morphology analysis

The middle part of the jejunum tissue was fixed
in paraformaldehyde, dehydrated and embedded

in paraffin wax. The tissue slices of jejunum were fur-
ther stained with hematoxylin. Villus height, crypt
depth and villus height/crypt depth were determined.

Inflammatory cytokine analysis

The serum TNF-a and IL-1B were measured using
a mouse-specific ELISA kit (Nanjing Jian Cheng Co.,
Ltd., Nanjing, China) according to the standard proce-
dures of the protocol. The concentrations of serum
TNF-a and IL-1p were calculated according to the stan-
dard curve, which was drawn by ELISACalc software
VO.1.

Intestinal permeability analysis

Intestinal permeability was assessed by determining
the serum levels of DAO and D-xylose. DAO and
D-xylose were measured using a mouse-specific kit
(Nanjing Jiancheng Bioengineering Co., Ltd., China)
according to the standard procedures of the protocol.

Data analysis

All data are expressed as means + sem. The one-
way ANOVA procedure of SAS 9.1.3 was used to ana-
lyze all data in this experiment, the Duncan method was
used for multiple comparisons when the data normally
distributed, while the NPAR1WAY procedure was used
when the data were not normally distributed p<0.05
was considered as statistically significant.

Results

Microstructural characterization of AGP-MMT

The microstructural characterization of raw MMT
and AGP-MMT was observed using SEM and XRD.
The MMT mainly existed in the form of flake and
aggregate, with the presence of larger particles and
thicker flake. However, the AGP-MMT had a large
number of spheroid particles in the gap between floc-
cule aggregates, and the floccule aggregates increased
and the outline was more prominent (Fig. 1A-B).
The XRD results showed that the interplanar spacing
was 1.546 and 1.336 nm in MMT and AGP-MMT,
respectively (Fig. 1C-D), indicating the lower interpla-
nar spacing in AGP-MMT compared with MMT.
Andrographolide concentration in AGP-MMT was cal-
culated according to the standard curve of androgra-
pholide, and its concentration was 11.63%.
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Fig. 1. Microstructure and X-ray diffraction of Montmorillonite (MMT) and andrographolide modified MMT (AGP-MMT). Microstructure
of (A) MMT, (B) AGP-MMT observed by SEM (A and B x1500). X-ray diffraction diagrams of (C) MMT, and (D) AGP-MMT.
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Fig. 2. Effect of different dose of AGP-MMT on body weight and organ index in ETEC challenged mice. Effect of different dose
of AGP-MMT on (A) body weight, (B) organ index in mice with ETEC challenge. CON, control group; ETEC, enterotoxigenic
Escherichia coli challenged group; AGP-MMT-L, ETEC+0.4 g/kg AGP-MMT; AGP-MMT-M, ETEC+0.8 g/kg; AGP-MMT-H,
ETEC+1.2 g/lkg AGP-MMT, MMT-H, equal amount of MMT with AGP-MMT-H. Data were expressed as means + sem,
n=8/group. *, ** *** represent p<0.05, p<0.01 and p<0.001 in the CON group compared with the ETEC group, respectively.
#, $, & represent p<0.05 in the ETEC group compared with the AGP-MMT-M, AGP-MMT-H and MMT-H groups, respectively.
Values within groups with different letters are significantly different (p<0.05).
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Fig. 3. Effect of different dose of AGP-MMT on the jejunum structure in ETEC challenged mice. The jejunum structure in the
(A) control group (CON), (B) ETEC group (ETEC), (C) ETEC and low levels of AGP-MMT treated group (AGP-MMT-L),
(D) ETEC and medium levels of AGP-MMT treated group (AGP-MMT-M), (E) ETEC and high levels of AGP-MMT treated
group (AGP-MMT-H), (F) ETEC and high levels of MMT treated group (MMT-H). (G) villus height, (H) crypt depth, (I) villus
height/crypt depth ratio of jejunum morphology in the CON, ETEC, AGP-MMT-L, AGP-MMT-M, AGP-MMT-H and MMT-H
groups. Data were expressed as means + sem, n=8/group. Values within groups with different letters are significantly different

(p<0.05), Figs. A-F x100.

AGP-MMT alleviated body weight losses of mice
with ETEC challenge

ETEC infection induced a great loss of body weight
from day 8 till 15, compared with the CON group; how-
ever, the losses of body weight were significantly
(p<0.05) alleviated in the groups of medium and high
levels of AGP-MMT at day 13, whereas there was
no significant effect (p>0.05) when low levels
of AGP-MMT (AGP-MMT-L) treatment were given
(Fig. 2A). Moreover, there was no significant difference
(p>0.05) in body weight between AGP-MMT-H and
MMT-H.

In line with the body weight, AGP-MMT-L,
AGP-MMT-M, and MMT-H treatment significantly
decreased (p<0.05) the hepatic and spleen index, com-
pared with the ETEC group, and there was no sig-
nificant difference (p>0.05) in hepatic and spleen
index between the AGP-MMT-H and MMT-H group
(Fig. 2B).

AGP-MMT alleviated intestinal injury in mice
with ETEC challenge

ETEC treatment caused great histopathological
damage (Fig. 3A-3B), The villus height and the ratio
of villus height/crypt depth were significantly lower
(p<0.05) in the ETEC group compared with the CON
group. Mice pretreated with AGP-MMT significantly
(p<0.05) attenuated the mucosal morphology damage
in the jejunum of mice with ETEC infection
(Fig. 3A-3E). Moreover, mice pretreated with
AGP-MMT increased (p<0.05) the villus height and
villus height/crypt depth, and decreased (p<0.05)
crypt depth. In addition, the villus height and
villus height/crypt depth were higher (p<0.05) in the
AGP-MMT-H group compared with the MMT-H
group (Fig. 3G-I), indicating a better alleviation role
of AGP-MMT on intestinal injury induced by ETEC
infection than MMT treatment alone.
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Fig. 4. Effect of different dose of AGP-MMT and MMT on intestinal permeability in ETEC challenged mice. Effect of different dose
of AGP-MMT and MMT on (A) serum diamine oxidase (DAO) or (B) D-xylose in ETEC challenged mice. Data were expressed
as means + sem, n=8/group. Values within groups with different letters are significantly different (p<0.05).
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Fig. 5. Effect of AGP-MMT on the amount of fecal ETEC in ETEC challenged mice. Data were expressed as means + sem, n=8/group.
Values within groups with different letters are significantly different (p<0.05).

AGP-MMT maintained the gut barrier in mice
with ETEC challenge

DAO and D-xylose are often regarded as important
indexes of intestinal barrier injury (Yu et al. 2020).
Mice treated with ETEC had increased (p<0.05) serum
levels of DAO and D-xylose. Mice pretreated with
AGP-MMT had decreased serum DAO and D-xylose,
and reached a significant difference (p<0.05) both in the
AGP-MMT-M and AGP-MMT-H group, compared
with the ETEC group. In addition, there was no signifi-
cant difference (p>0.05) of DAO and D-xylose between
the AGP-MMT-H and MMT-H group (Fig. 4).

AGP-MMT alleviated ETEC shedding in stool
of mice with ETEC challenge

Colonization of ETEC was defined by recovery
of ETEC from the cultured mouse fecal bacteria (Rodea
et al. 2017, Yan et al. 2017). There was no significant

difference (p>0.05) in the concentration of ETEC
in feces at the beginning of this study, implying a con-
sistent ETEC loading between all groups (Fig. 5). Mice
with ETEC infection had an increased (p<0.05) concen-
tration of ETEC in feces at d 16 of the experiment,
compared with the CON group. Mice pretreated with
AGP-MMT had a decreased (p<0.05) fecal ETEC
concentration compared with the ETEC group,
though no significant difference was founded among
AGP-MMT-L, AGP-MMT-M and AGP-MMT-H
groups (p>0.05). More importantly, the concentration
of fecal ETEC in the AGP-MMT-L, AGP-MMT-M and
AGP-MMT-H groups was significantly lower (p<0.05)
than the MMT-H group. These observations demon-
strated that mice pretreatment with AGP-MMT alle-
viated ETEC shedding.
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Fig. 6. Effect of different dose of AGP-MMT and MMT on inflammatory cytokines in ETEC challenged mice. Effect of different dose
of AGP-MMT and MMT on (A) serum TNF-a, and (B) IL-1f in ETEC challenged mice. Effect of different dose of AGP-MMT
and MMT on (C) the relative mRNA expression of TNF-a, and (D) IL-1 in the jejunum of mice with ETEC challenge. Data were
expressed as means + sem, n=8/group. Values within groups with different letters are significantly different (p<0.05).

AGP-MMT alleviated intestinal inflammation
in mice with ETEC challenge

TNF-a and IL-1pB are typical inflammatory cyto-
kines in response to ETEC infection. In line with ETEC
colonization results, ETEC challenge significantly in-
creased serum levels of TNF-a and IL-1p (Fig. 6A-6B).
AGP-MMT decreased the concentration of TNF-a
and IL-1f in a dose dependent manner, and both inflam-
matory cytokines reached the lowest levels follo-
wing treatment with high levels of AGP-MMT
(AGP-MMT-H). In addition, IL-1f in the AGP-MMT-H
group was lower (p<0.05) than in the MMT-H group,
whereas no significant difference in TNF-a was found
between the AGP-MMT-H group and MMT-H group.

The relative mRNA expression of TNF-a and IL-1f
in the jejunum after AGP-MMT and MMT treatment
showed a consistent result with serum TNF-o and
IL-1B. ETEC infection significantly increased the rela-
tive mRNA expression of TNF-a, whereas AGP-MMT
decreased the relative mRNA expression of TNF-a
in a dose dependent manner (Fig. 6C). Moreover,
the relative mRNA expression of TNF-a was signifi-
cantly lower (p<0.05) in the CON and AGP-MMT-H

group, compared with the ETEC group. AGP-MMT
also significantly alleviated the up-regulated relative
mRNA expression of IL-1B induced by ETEC infec-
tion, and AGP-MMT-H played a better remission role
compared with the MMT-H group (Fig. 6D).

Discussion

MTT has been well known for its anti-diarrhea
function, for example, Guarino et al. (2001) reported
the protection role of MMT in the treatment of acute
diarrhea though absorbing bacteria and toxin, and thus
protecting the host intestinal barrier function (Guarino
et al. 2001). However, the physicochemical properties
of MMT, including absorption and ion exchange
capacity, restrict its function in response to the intesti-
nal barrier and inflammatory reaction. Brubaker et al.
(2021) revealed the intestinal and systemic inflamma-
tion induced by symptomatic and asymptomatic ETEC
infection (Brubaker et al. 2021). Based on the limitation
of MMT, zinc-loaded, copper-loaded, and zinc/
/copper-loaded MMT have been developed and used
in animal feed. For example, Jiao et al. (2017) reported
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that copper/zinc-loaded MMT exhibited enhanced
anti-microbial capacity against Escherichia coli,
Staphylococcus aureus, and anti-fungal capacity against
Candida albicans (Jiao et al. 2017). In contrast to zinc
and copper, andrographolide exhibited a profound
anti-inflammation function in vitro and in vivo. Su et al.
(2020) reported that andrographolide at a dosage of 150
mg/kg per mouse alleviated intestinal inflammation and
barrier function induced by lipopolysaccharide
(Su et al. 2020). In this study, we successfully prepared
AGP-MMT after sodium modification, polyethylene
glycol modification of the raw MMT, and subsequent
andrographolide loading. The microstructure of
AGP-MMT showed spheroid particles, which was con-
sistent with the structure of modified MMT with
(3-Aminopropyl) triethoxysilane as previous described
by Han et al. (2021) (Han et al. 2021). In addition,
AGP-MMT showed lower interplanar spacing com-
pared with the raw MMT, which was likely to be linked
with the modification of MMT by sodium and poly-
ethylene glycol, as Delbem et al. (2010) reported that
sodium modification decreased the interplanar spacing
of MMT (Delbem et al. 2010).

Most studies regarding the function of MMT fo-
cused on the anti-diarrhea function, including the dura-
tion of diarrhea, and the electrolyte balance of the intes-
tine. For example, Guarino et al. (2001) reported
the anti-diarrhea function of MMT in children (Guarino
et al. 2001), Chang et al. (2007) reported the efficacy
of dioctahedral smectite in treating patients with
diarrhea (Chang et al. 2007). Limited studies involved
the intestinal function, especially the intestinal barrier
and inflammatory response. The intestine is composed
of a physical and metabolic barrier against bacteria and
endotoxin. Xia et al. (2019) have demonstrated that
ETEC infection induced intestinal barrier injury in vivo
and intestinal epithelial cell apoptosis (Xia et al. 2019).
Another finding of this study was that AGP-MMT not
only alleviated the loss of body weight, but also allevi-
ated the gut injury induced by ETEC infection. In this
study, AGP-MMT treatment reversed the reduction
of body weight losses in ETEC challenged mice
in a dose dependent manner, and attenuated the mucosal
morphology change. In accordance with the intestinal
morphology, AGP-MMT treatment also alleviated the
reduction of villus height and the ratio of villus height/
crypt depth, and restored the levels of serum DAO and
D-xylose in ETEC challenged mice. Surprisingly, our
results were in contrast with results in an ETEC
challenged piglet model; Almeida et al. (2016) did not
detect any effect of smectite on the intestinal morpho-
logy, body weight, villus height and the ratio of villus
height/crypt in ETEC challenged piglets (Almeida et al.
2013). The main reason for the difference between these

two studies may be associated with the dosage of MMT
and animal difference. In addition, the andrographolide
might be another reason responsible for the different
results; Jiang et al. (2020) revealed that andrographolide
reduced intestinal permeability in a dextran sulfate
sodium induced mice colitis model (Jiang et al. 2020).
Consistently, AGP-MMT played a better regulation role
on the villus height and the ratio of villus height/crypt
depth, and lower ETEC shedding in the stool compared
with equal levels of MMT alone.

The protective role of AGP-MMT on the intestinal
function was further verified by the intestinal inflamma-
tory response. In the present study, AGP-MMT treat-
ment significantly alleviated the inflammatory reaction,
especially the intestinal inflammation, as indicated by
the results that AGP-MMT reduced the typical inflam-
matory cytokines, especially TNF-o and IL-1f in the
serum of ETEC challenged mice. Further analysis
showed that the relative mRNA expression of TNF-a
and IL-1B in the jejunum of ETEC challenged mice
decreased after AGP-MMT treatment, and the protein
and mRNA of IL-1p were significantly lower in
AGP-MMT compared with the MMT group. The more
potent anti-inflammation capacity in the AGP-MMT
group than the MMT group was likely to be associated
with andrographolide. Ren et al. (2019) revealed that
endotoxin secreted from ETEC plays an important role
in intestinal inflammation (Ren et al. 2019). In addition,
Guo et al. (2014) found that andrographolide interferes
with quorum sensing to reduce cell damage caused by
avian pathogenic Escherichia coli (Guo et al. 2014).
Consistently, the concentration of ETEC in feces was
significantly lower in AGP-MMT compared with MMT.
The observation in this study was consistent with the
anti-inflammation role of andrographolide or its deriva-
tive in human ulcerative colitis and colitis mice models,
as recently reported (Zhu et al. 2018, Kim et al. 2019,
Jiang et al. 2020). However, further studies are needed
to explore the accurate mechanism of AGP-MMT
in mice with ETEC challenge.

Conclusions

AGP-MMT was established through loading of MMT
with andrographolide, and AGP-MMT was more effec-
tive in alleviating intestinal barrier function injury and
inflammation in mice with ETEC infection than MMT
alone. This study provides a promising alternative to
remedy ETEC infection.
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