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Abstract: The aim of this research was to develop effective alternative therapies to reduce antibiotic use in animal
agriculture. In this study, the efficacy of copper-modified palygorskite (CM-Pal) in preventing diarrhea caused by
Salmonella was specifically examined both in vitro and in vivo. The CM-Pal was prepared with palygorskite (Pal) and
copper nitrate. The antibacterial activity of the CM-Pal was detected by comparing the differences in cell numbers on
plate count agar before and after adding the CM-Pal to Salmonella typhimurium cultures. Seventy ICR mice were then
allocated into seven groups. Five groups (the treatment groups) were infected with S. typhimurium by intraperitoneal
(i.p.) injection and were given Pal, CM-Pal, montmorillonite powder, gentamicin, and physiological saline, respectively.
One group (the prevention group) was given CM-Pal before infection with S. typhimurium. Another group (the unin-
fected group) was not infected with S. typhimurium. The effects of Pal, CM-Pal, montmorillonite powder, and gen-
tamicin on the treatment or prevention of diarrhea in the mice were examined by stool studies, fecal scoring, and
assessment of growth performance and villus height. The CM-Pal had satisfactory anti-bacterial properties in vitro: the
antibacterial rate was 100% after 2 h incubation with S. typhimurium NJS1 cultures (‘I><1O6 colony-forming units
(CFU)/mlI). In the in vivo experiment, the CM-Pal exerted superior effects in the treatment and prevention of diarrhea in
mice compared with Pal, montmorillonite powder, and gentamicin. In the CM-Pal group, no mice showed signs of
diarrhea at 24 h post infection (p.i.), and all mice fully recovered from infection. However, the Pal group, montmoril-
lonite group, and gentamicin group only recovered after 48, 48, and 96 h, respectively. The villus height level in the
CM-Pal treatment group recovered at 3 d p.i. However, the recovery time of the other groups was longer (at least 5 d).
The CM-Pal prevention group had a better effect on weight gain than the other groups. This study suggested that
CM-Pal may be an effective alternative to conventional antibiotics for the treatment and prevention of animal diarrhea
caused by Salmonella.
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1 Introduction The main measure of treatment and prevention in-
volves using antibiotics, which are an effective agent
to control animal disease. However, the continuous
use of an antibiotic increases the drug resistance ex-
hibited by pathogenic bacteria. This resistance has

become a more serious problem in recent years (Stahl

Animal bacterial diarrhea is one of the more se-
rious problems in the livestock and poultry industries.
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et al., 2004). Because of the abuse of antibiotics, it is
essential to find effective replacements that do not
confer resistance (Hu and Xia, 2006).

Palygorskite (Pal) is a very important and useful
type of industrial clay mineral belonging to the
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phyllosilicates. This mineral has a three-layer in-
verted structure, and iron commonly substitutes for
aluminum and magnesium in the octahedral layer
(Liu et al., 2015). The high surface area, the charge on
the lattice, and the inverted structure confer properties
of absorption, cation exchange capacity, and adhesive
ability (Murray, 2000). These properties make Pal
widely useful in the animal industry as an aflatoxin
adsorbent, a tannin adsorbent, and an excipient in
pharmaceutical preparations, and as an antacid, gas-
trointestinal protector, and anti-diarrheic (Isabel
Carretero and Pozo, 2009; 2010; Zhang et al., 2013).

Copper ions (Cu2+) have good antibacterial
properties. In particular, these ions can induce the
inhibition of bacterial growth and have toxic effects
on most microorganisms. Copper has seen wide-
spread use in the preparation of antibacterial materials
(Faundez et al., 2004; Kanhed et al., 2014). Copper-
exchanged montmorillonite has antibacterial activity
against Escherichia coli K88, and leads to improved
growth performance and a decreased incidence of
diarrhea in pigs (Xia et al., 2004; Zhou et al., 2004;
Hu and Xia, 20006).

Considering these antecedents, this study aimed
to evaluate the antibacterial and anti-diarrheic activity
of copper-modified palygorskite (CM-Pal), which is
characterized by the adsorptive ability of Pal and the
antibacterial properties of copper.

2 Materials and methods
2.1 Preparation of CM-Pal

CM-Pal was prepared with Pal and copper ni-
trate as described previously, with some modifica-
tions (Hu and Xia, 2006). The Pal (Jiangsu Shenlite
Biotechnology Co., Ltd., Jiangsu, China) was pre-
treated in a muffle furnace at 350 °C for 2 h. Then,
10.0 g sample of Pal was dispersed in 200 ml of
0.15 mol/L copper nitrate solution. The dispersion
was placed on a magnetic stirring apparatus at 90 °C
and 200 r/min for 6 h. The CM-Pal was washed re-
peatedly with distilled water to remove the dissocia-
tive copper nitrate and then dried at 105 °C to a con-
stant weight. The CM-Pal was subsequently pulver-
ized to a powder using a mortar and filtered using a
200-mesh strainer.

Then, 0.1 g of the powdered CM-Pal sample was
placed in a microwave digestion vessel. The sample

was treated with a mixture of 7 ml HNO3, 3 ml HCIO4,
and 1 ml H,O,, and the microwave digestion vessel
was kept in a microwave oven (ETHOS-TC, Mile-
stone, Italy). The digestion and quantification of the
metal content were performed in triplicate by induc-
tively coupled plasma-optical emission spectrometry
(ICP-OES) (Optimal 2100DV, Pekin Elmer, USA).

2.2 Preparation of the inoculum

Salmonella typhimurium NJS1 was used as the
challenge strain. The medium contained the following
components: 10 g/L peptone (Oxoid, UK), 5 g/L yeast
extract (Oxoid, UK), and 5 g/LL NaCl. The cultivation
was conducted in 50 ml of medium in 250-ml conical
flasks maintained at 37 °C. Incubation was carried out
with agitation at 200 r/min for 24 h. The cultures were
centrifuged at 12000 r/min for 3 min and suspended
in physiological saline. The final cell numbers were
determined on plate count agar.

2.3 Detection of antibacterial activity of CM-Pal
in vitro

Different amounts of CM-Pal and Pal (5, 10, and
20 mg) were added into 50-ml cultures (S. #yphi-
murium NJS1, 1x10° colony-forming units (CFU)/ml)
in 250-ml conical flasks, and the final concentration
was 0.1, 0.2, and 0.4 mg/ml. The mixture was agitated
at 200 r/min at 37 °C. Then, 1 ml of the mixture was
used for detection of the total bacterial count at 0, 0.5,
1, 2, 4, and 6 h. The antibacterial rate (AR) of the
CM-Pal was calculated from the difference in the cell
numbers at 0 h and the others at the indicated time:

AR=(Ny—N;)/Nypx100%,

where N is the cell number at 0 h, and A, is the cell
number at time # (0.5, 1, 2, 4, and 6 h).

2.4 Infection experiments

The experiments were conducted using ICR
mice (weighing 1822 g). The animals were obtained
from the Yangzhou Comparative Medicine Center
(Yangzhou, China) and were kept at the animal la-
boratory for 5 d before the experiments. All animal
experiments were approved by the Laboratory Ani-
mal Management Committee of Jiangsu Province,
China.

Seventy ICR mice were divided into 7 groups
(A—Q). The experiment lasted for 12 d. Infection was
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induced on the 8th day by intraperitoneal (i.p.) injec-
tion of 1x10” CFU in 0.5 ml of a logarithmic-phase
culture of S. typhimurium NJS1. Pal, CM-Pal, and
montmorillonite powder (IPSEN, Tianjin, China)
were suspended in distilled water to a final concen-
tration of 8 mg/ml.

Group A (CM-Pal prevention group): a total of
0.5 ml of CM-Pal (8 mg/ml) was given orally by
gavage once per day for 7 d before infection. CM-Pal
was not used after infection until the end of the ex-
periment. Group B (uninfected group): physiological
saline was injected on the 8th day as a substitute for
infection. Group C (Pal group), Group D (montmo-
rillonite powder group), and Group E (CM-Pal
treatment group): a total of 0.5 ml of Pal (8 mg/ml),
0.5 ml of montmorillonite powder (8 mg/ml), or 0.5 ml
CM-Pal (8 mg/ml), respectively, was given twice per
day after infection. Group F (gentamicin group):
gentamicin (Huazhong Pharmaceutical Co., Ltd.,
Hubei, China) (0.4 mg/ml) was administered at a dose
of 0.5 ml per mouse by gavage twice per day after
infection. Group G (no treatment group): a total of
0.5 ml physiological saline was given twice per day
after infection.

2.5 Effects of CM-Pal on the treatment or pre-
vention of diarrhea in mice

Stools from each group were examined for the
characteristics of diarrhea during the experiment. The
incidence of diarrhea (%) was calculated as follows:
(number of mice with diarrhea/number of all mice)x
100%. Fecal scores were determined according to the
diameter of the feces on filter paper, as described
previously: 1, <10 mm; 2, 10-19 mm; 3, 20-30 mm;
and 4, >30 mm (Zhou et al., 1994). The mice were
allowed free access to food and water. The growth
performance (total average weight) of each group was
also measured.

2.6 Histopathological examination

The mice were euthanized via an injection of
napental (100 mg/kg) through the intra-abdominal
route. The duodenums were removed and fixed in
10% (v/v) formalin, dehydrated with an ethanol and
toluene series, and embedded in paraffin wax via a
routine process. All sections were stained with he-
matoxylin and eosin (H & E) and were examined
histopathologically using an optical microscope. To

better evaluate the duodenal mucosal architecture, the
villus heights were measured using the MetaMorph
computer program. At least 5 villi from each mouse
were measured.

2.7 Statistical analysis

The data in the tables are presented as the
arithmetic meantstandard deviation (SD). Statistical
analysis was performed by one-way analysis of var-
iance (ANOVA) using Predictive Analytics Software
18.0. Duncan’s multiple-range test was used, with
differences considered to be significant at P<0.05.

3 Results
3.1 Characterization of CM-Pal

CM-Pal was produced by ion exchange pro-
cesses between copper nitrate and the Pal cation. The
copper concentration in the CM-Pal was 51.25 mg/g,
as measured by ICP-OES.

3.2 Detection of the antibacterial activity of
CM-Pal in vitro

Different masses of CM-Pal were added into
50-ml cultures. The antibacterial rate of CM-Pal is
shown in Table 1. The average antibacterial rate of
Pal ranged between 26.56% and 56.83%. Pal had
antibacterial properties to a certain degree, but
CM-Pal had greater ones. As more CM-Pal was added,
the antibacterial effect increased. There were no
bacteria growing after 1 h (10 and 20 mg CM-Pal) or
2 h (5 mg CM-Pal) of incubation.

3.3 Clinical symptoms

Mice were infected with S. typhimurium NJS1,
which resulted in diarrhea within 2 h of infection. All
of the mice developed frequent watery stools, ano-
rexia, and lethargy. The effects of different treatments
on the incidence of diarrhea are shown in Table 2.

At 12 h post infection (p.i.), 8 of the 10 mice in
the CM-Pal prevention group (Group A) still showed
signs of diarrhea. At 24 h p.i., no mice had diarrhea,
and the activity and feed intake of these mice in-
creased. At 48 h p.i., all of the mice had fully recov-
ered from the diarrhea.

None of the mice in the uninfected group (Group B)
had diarrhea or clinical symptoms of diarrhea.
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Table 1 Antibacterial rates of CM-Pal and Pal

Time Antibacterial rate of CM-Pal (%) Antibacterial rate of Pal (%)
(h) 0.1 mg/ml 0.2 mg/ml 0.4 mg/ml 0.1 mg/ml 0.2 mg/ml 0.4 mg/ml
0.5 72.44+0.34° 92.06+0.05° 96.08+0.05" 26.56+0.94° 39.31+0.51 56.83+0.837
1 95.23+0.13° 100° 100° 28.61+0.95¢ 26.41+0.44° 55.92+0.79¢
2 100° 100° 100° 27.38+0.85¢ 38.18+0.94° 54.35£0.47°
4 100? 100? 100° 29.72+0.77¢ 44.74+0.89° 54.17+0.77°
6 100° 100° 100° 28.63+0.66 46.76+0.64° 53.42+0.47°

Pal, palygorskite; CM-Pal, copper-modified palygorskite. Pal and CM-Pal were added to S. typhimurium cultures. The antibacterial rate
was calculated from the difference in the cell numbers at 0 h and other time. The antibacterial rate was the average value+SD. Within
rows, different superscripts (a—f) indicate a significant difference (P<0.05)

Table 2 Effects of different treatments on the inci-
dence of diarrhea and on fecal scores at 12 h p.i.

Incidence of diarrhea (%) Fecal score

Growp =3 24h 48h 96h  (12hpi)
A 80 0 0 0 1.33+0.499
B 0 0 0
C 90 30 10 0 1.58+0.50°
D 80 30 10 0 1.3120.47¢
E 50 0 0 0 1.39+0.50¢
F 100 90 20 10 1.48+0.63°
G 100 60 50 50 1.73+0.64*

A, CM-Pal prevention group; B, uninfected group; C, Pal group;
D, montmorillonite powder group; E, CM-Pal treatment group;
F, gentamicin group; G, no treatment group. Within columns,
different superscripts (a—d) indicate a significant difference
(P<0.05)

Nine of the 10 mice in the Pal group (Group C)
had diarrhea at 12 h p.i., and 3 mice in this group still
had diarrhea at 24 h p.i. At 48 h p.i., one mouse ex-
hibited viscous feces. The activity and feed intake of
this group increased until 96 h after inoculation.

The mice in the montmorillonite powder group
(Group D) showed a similar curative effect on their
diarrhea as the Pal group.

At 12 h p.i., 5 of the 10 mice in the CM-Pal
treatment group (Group E) still had diarrhea, and
certain mice began eating and drinking. At 24 p.i., no
mice had diarrhea, and the activity and feed intake of
the mice increased. At 48 h p.i., all of the mice had
fully recovered from the diarrhea.

Among the mice in the gentamicin group
(Group F), 10, 9, 2, and 1 showed signs of diarrhea at
12, 24, 48, and 96 h p.i., respectively. In the no-
treatment group (Group G) 5 mice still showed signs
of diarrhea at 96 h p.i.

3.4 Effects of different treatments on the diarrhea
index

The diarrhea index (the incidence of diarrhea
combined with the fecal score) at 12 h p.i. is shown in

Table 2. The CM-Pal prevention group, Pal group,
montmorillonite powder group, and CM-Pal treat-
ment group experienced varying degrees of im-
provement in their diarrhea at 12 h p.i. Half of the
mice in the CM-Pal treatment group had no diarrhea.
However, all of the mice in the gentamicin group and
no-treatment group still had diarrhea. The fecal scores
of the CM-Pal prevention group, montmorillonite
powder group, and CM-Pal treatment group were
lower than the scores of the other groups (P<0.05).

3.5 Effects of different treatments on growth
performance

The average weight of each group was measured
at 1,4, 7,9, and 12 d. There was no significant dif-
ference in body weight among Groups C, D, E, F, and
G (Table 3). However, the average weight of Group A
was higher than that of the other groups. CM-Pal had
a good effect on weight gain.

3.6 Histopathological examination

Villi were damaged by the infection with S.
typhimurium. Many disrupted villi were found in the
intestinal lumen (Fig. 1). The values for villus height
are shown in Table 4. Villus height decreased at
1 d p.i. The villus height level in the Group E recov-
ered on 3 d p.i., whereas the recovery time of the other
groups was longer.

(@) ' (b)
Fig. 1 Duodenal villus morphology uninfected (a) and
infected (b)
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Table 3 Effects of different treatments on the body weight of mice

Grou Body weight (g)
P 1d 4d 7d 9d 12d
A 20.39+1.22° 23.61+0.51° 26.85+1.47° 24.00£0.41° 26.47+0.44°
B 20.200.68° 21.59+0.23% 23.26+0.49° 25.53+0.64° 28.05+1.12°
C 19.25+0.88° 20.27+0.47° 22.04+0.54° 21.10+0.78° 22.26+0.43°
D 20.55+0.25° 21.18+1.41° 23.87+0.26" 21.39+0.55° 22.75+0.57°
E 19.94+0.32° 20.56+0.63° 22.23+0.40° 21.83+0.29° 22.49+0.45°
F 20.06+0.33% 21.10+0.32° 23.02+0.31° 22.18+0.64° 23.00+0.68°
G 20.74+0.28° 21.04+1.17° 23.90+0.56" 21.04+0.51° 22.53+0.27°

A, CM-Pal prevention group; B, uninfected group; C, Pal group; D, montmorillonite powder group; E, CM-Pal treatment group; F, gentamicin
group; G, no treatment group. Within columns, different superscripts (a—b) indicate a significant difference (P<0.05)

Table 4 Effects of different treatments on villus height

Villus height (um)
Group
3d 8d 10d 12d
A 898.00:80.07* 309.33449.10°% 593.00+78.00° 672.33+£36.02°
B 774.67+14.01° 788.61£11.09° 790.32422.10° 789.18+12.07°
C 375.33459.23% 419.004+23.90° 659.67+52.62°
D 421.33+42.57° 393.33+44.84° 554.67+30.86°
E 548.33+53.89" 871.00+51.88° 879.33428.75"
F 303.33+25.93% 428.6749.29° 528.00+16.82¢
G 206.00+16.09° 331.00+29.60° 533.33+33.13¢

A, CM-Pal prevention group; B, uninfected group; C, Pal group; D, montmorillonite powder group; E, CM-Pal treatment group; F, gentamicin
group; G, no treatment group. Within columns, different superscripts (a—e) indicate a significant difference (P<0.05)

4 Discussion

In this study, CM-Pal was produced by ion ex-
change processes between copper nitrate and the Pal
cation. The efficacy of the CM-Pal in preventing and
treating animal diarrhea caused by Salmonella was
then examined in vitro and in vivo.

This research suggested that the CM-Pal had
greater antibacterial activity than Pal in a dose- and
time-dependent manner. Living organisms need Cu®"
at low concentrations as cofactors for metalloproteins
and enzymes; however, at high concentrations, cu?
induces an inhibition of growth in bacteria (Gordon
et al., 1994). Many researchers have suggested that
Cu”" has antibacterial activity against harmful bacte-
ria (Faundez et al., 2004; Hu and Xia, 2006; Kanhed
et al., 2014). The exchange of montmorillonite with
Cu”" enhances the antibacterial activity and leads to
improved growth performance and a decreased inci-
dence of diarrhea in pigs (Hu and Xia, 2006). In the
research presented here, CM-Pal showed greater an-
tibacterial activity than Pal. The density of Cu®" on

the Pal surface was much higher than that in solution.
Therefore, Cu*" bridging between the Pal particle and
the bacteria plays an important role in the antibacte-
rial activity of CM-Pal (Hu and Xia, 2006). The
in vitro antibacterial test results for CM-Pal have
shown its capacity to be used successfully as an in-
organic antibacterial material. Inorganic antibacterial
materials are more favorable than organic antibacte-
rial materials in terms of stability, thermal resistance,
safety for the user, and long-lasting effects (Karel
etal., 2015).

Bacterial diarrhea is not easy to treat with tradi-
tional antibiotics due to antibiotic resistance. In the
present study, there was one diarrheic mouse at 96 h
p.i. in the antibiotic-treated group (gentamicin group),
whereas all of the mice had fully recovered from the
diarrhea at 48 h p.i. in the CM-Pal group. The inci-
dence of diarrhea in the antibiotic-treated group
(gentamicin group) was 100% at 12 h p.i., whereas the
incidence in the CM-Pal group was only half of that.
Judging from clinical symptoms and the diarrhea
index (the incidence of diarrhea combined with the
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fecal score), CM-Pal was an effective antibiotic sub-
stitute for the treatment of bacterial diarrhea. Pal and
montmorillonite powder were somewhat effective in
treating diarrhea but less effective than CM-Pal. The
clinical symptoms of diarrhea include anorexia, and
none of the mice wanted to eat or drink after infection.
The mice in the CM-Pal treatment group were the first
to eat and drink, and the recovery time was shorter in
this group than in the other groups. All of these results
showed that the effects of CM-Pal on the diarrhea
were remarkable.

In addition to its therapeutic effect, CM-Pal had
a prophylactic effect on diarrhea. Although all of the
mice in the prevention group developed frequent
watery stools, these mice had fully recovered from the
diarrhea without any treatment at 48 h p.i.

Previous work on Pal has shown that dietary
supplementation with Pal improved growth perfor-
mance, ameliorated liver damage, and increased dry
matter, energy and crude protein utilization (Lv et al.,
2015). In the present study, the average weight of the
prevention group, which was given CM-Pal before
infection, was higher than that of the other groups.
This result suggested that CM-Pal could improve
growth performance.

Villi are important structures in the small intes-
tine, which is involved mainly in nutrient absorption
(Yang et al., 2016). The gastrointestinal tissues are
the tissues that are primarily affected in animals in-
fected with Salmonella. The pathogens persist and
proliferate in the gastrointestinal tract and invade the
sub-epithelial tissues, and mainly the ileum, leading
to marked disruption of the small intestinal villus
epithelial cells (Naughton et al., 1995). The research
presented here showed a large number of desqua-
mated and shortened villi after infection. However,
the villus height in the CM-Pal group decreased at
1 d p.. It is possible that CM-Pal could protect the
villi from damage by Salmonella. On the one hand,
the Salmonella is killed by the Cu®" in the CM-Pal.
On the other hand, the large specific surface area of
Pal allows it to become distributed over the surface of
the gut mucosa to form a barrier immediately after
ingestion (Slamova et al., 2011; Lv et al., 2015). Pal
can protect the intestinal mucosa by interacting with
digestive mucus (Guarino et al., 2009; Zhang et al.,
2013).
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