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Taurine drinking attenuates the burden of intestinal adult
worms and muscle larvae in mice with Trichinella spiralis

infection
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Abstract The parasitic nematode Trichinella spiralis can
cause trichinellosis, which leads to pathological processes
in the intestine and muscle. The intestinal invasion deter-
mines the development, subsequent course, and conse-
quences of the disease. Gastrointestinal nematode infection,
including with 7. spiralis, is accompanied by a rapid and
reversible expansion of mucosal mast cell and goblet cell in
the intestinal epithelium, which play important roles in the
host immune response to parasite and worm expulsion from
the intestine. Taurine and its derivatives have anti-infection
and anti-inflammatory properties. We investigated whether
taurine supplementation in mice could influence the devel-
opment and pathological processes of infection with 7.
spiralis. Supplementing 1 % taurine in drinking water in
mice infected with 7. spiralis could alleviate the burden of
intestinal adult worms on days 7 and 10 postinfection (all
»<0.01) and the formation of infective muscle larvae in
striated muscle during 7. spiralis infection (p<0.01). As
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compared with 7. spiralis infection alone, taurine treatment
increased the number of goblet cells on days 7, 10, and 15
(»<0.01 and p<0.05) and alleviated intestinal mucosal mast
cell hyperplasia on days 10 and 15 (all p<0.01). So taurine
supplementation in drinking water increased infection-
induced intestinal goblet cell hyperplasia and ameliorated
mucosal mastocytosis. Thus, taurine can ameliorate the path-
ological processes of trichinellosis and may be of great value
for the treatment and prevention of infection with 7. spiralis
and other gastrointestinal nematodes.

Introduction

Trichinellosis is a parasitic zoonosis with pathological pro-
cesses occurring in the intestines and muscles. Intestinal
invasion is an important stage of trichinellosis because it
determines the development and subsequent course of the
disease and its consequences. The first-stage larvae of
Trichinella spiralis initiate infection in the intestine, colo-
nizing the epithelium where they molt and develop into
adults that mate and reproduce within 3 to 7 days, thus
yielding the next generation of larvae. Adult worms are
expelled within 10 to 15 days postinfection. The life cycle
of T. spiralis is complete when newborn larvae develop into
muscle larvae and induce the transformation of muscle cells
into nurse cells (Gottstein et al. 2009; Thrasher et al. 2013;
Ren et al. 2013). Previous studies showed that infective
larvae invade the intestinal epithelial cells and then migrate
within the epithelium, continually invading and occupying
the cytoplasm of new cells (Wright et al. 1987). In the
intestine, the larvae and adult parasites localize to the
crypt—villus junction and establish an intramulticellular
niche composed of numerous epithelial cells.
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Generally, the mechanism by which intestinal nematodes
invade intestinal mucosa may involve both mechanical and
chemical damage. 7. spiralis larvae do not possess oral
appendages or a spike, so the invasion of intestinal epithelial
cells may not simply result from mechanical penetration but
may be mediated by surface molecules and secretions of
parasites and host. However, until now, the mechanisms
have not been well elucidated. Previous studies showed that
gastrointestinal infection with 7. spiralis is accompanied by a
rapid and reversible expansion of mucosal mast cell and
goblet cell populations in the intestinal epithelium, which is
associated with release of their mediators into the gut lumen
(Knight et al. 2008). In addition, T helper type 2 (Th2)
cytokines interleukin (IL)-4 and IL-13 regulate the develop-
ment of goblet cell hyperplasia in the gut during nematode
infection via activating signal transducer and activator of
transcription factor 6 (Stat6) and that the increased number
of goblet cells plays an important role in host protective
immunity against the infection (Khan et al. 2001; Finkelman
et al. 2004; Khan 2008). Mice deficient in mast cells or
lacking the gene for mouse mast cell protease-1 (mMCP-
1), the protease that is unique to mucosal mast cells of mice,
showed a compromised process of adult worm expulsion and
an increased number of encysted larvae as compared with
wild-type animals (Knight et al. 2000). Mast cell hyperplasia
is known to create an unsuitable environment for the worm in
infection with 7. spiralis (Suzuki et al. 2008). Thus, intestinal
goblet cell and mucosal mast cell play an important role in
the invasion and expulsion of 7. spiralis in the intestine.

Taurine (2-aminoethanesulfonic acid), a semi-essential
sulfur-containing (3-amino acid, is the most abundant free
amino acid in most animal tissue and plays an important role
in several essential biologic processes such as bile acid
conjugation, maintenance of calcium homeostasis, osmoreg-
ulation, and membrane stabilization (Marcinkiewicz and
Kontny 2012). A large number of reports suggest a key role
for taurine and its derivatives in the innate immune response
and its potential use in preventing and treating various top-
ical infections and chronic inflammatory diseases. Taurine
was used to regulate the immune response following infec-
tion with Streptococcus uberis and prevented mammary
tissue damage by increasing T regulatory cells in rat (Miao
et al. 2012). Dietary taurodeoxycholic acid supplementation
alleviated mucosal damage and improved survival with
lipopolysaccharide-induced intestinal injury (Perrone et al.
2010). N-chlorotaurine shows high in vitro activity against
promastigotes and amastigotes of Leishmania species
(Fiirnkranz et al. 2009). These findings suggest that taurine
and its derivatives possess anti-infection and anti-inflammatory
properties.

Whether taurine supplementation can influence the devel-
opment and pathological processes of infection with T
spiralis is not known. We aimed to determine the effect of
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taurine on nematode invasion and pathogenesis during 7.
spiralis infection in mice. Taurine supplementation in drink-
ing water could alleviate the burden of intestinal adult worms
and muscle larvae during the infection, which was accom-
panied by enhanced intestinal goblet cell hyperplasia and
ameliorated mucosal mastocytosis. These results will be of
great value for preventing and treating infection with 7.
spiralis and other intestinal nematodes.

Materials and methods
Animals and materials

Female ICR mice, 68 weeks old, were purchased from the
Department of Laboratory Animal Science of Peking Uni-
versity Health Science Center (Beijing). All animal husband-
ry and experimental procedures were performed in accor-
dance with the Chinese Animal Management Ordinance
(People’s Republic of China Ministry of Health, document
no. 55, 2001), and the animal experiment standards, ap-
proved by the Animal Management Committee of Peking
University Health Science Center.

Taurine (2-aminoethanesulfonic acid), pepsin, and other
agents were from Sigma (St. Louis, MO, USA).

Parasite, experimental groups, and infection

Parasite 7. spiralis, strain ISS533, was a gift from Professor
Xin-Ping Zhu (Department of Parasitology, School of Basic
Medical Sciences, Capital Medical University, People’s Re-
public of China) and maintained by serial passage in female
ICR mice. Muscle larvae were recovered from infected mice
by the standard pepsin digestion method (Dennis et al. 1970).
Experimental mice were each infected with 400 infective T.
spiralis muscle larvae by oral gavage on day 0. In all, 200
female ICR mice were randomly divided into four groups for
treatment (eight to ten mice per group per time): (1)
uninfected control: not infected with 7. spiralis and normally
fed; (2) taurine control: not infected with 7. spiralis but fed
1 % taurine in drinking water for 30 days from day 0; (3) 7.
spiralis infection: infected with 7. spiralis and normally fed;
(4) taurine treatment: infected with 7. spiralis and fed 1 %
taurine in drinking water for 30 days from day 0. Mice were
killed by cervical dislocation at the times indicated.

Assessment of burden of intestinal adult worms and muscle
larvae

The number of adult worms in the small intestine was
assessed on days 3, 7, 10, and 15 postinfection. Briefly, the
duodenum-—ileum region of the small intestine was sectioned
into 1- to 2-cm pieces and dissected longitudinally in a 100-
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mm Petri dish containing 20 ml phosphate buffer solution.
After rocking the dish slowly at 37 °C for 4 h, the adult
worms were collected and counted under a dissecting micro-
scope (Zeiss, German).

The burden of muscle larvae was determined on day 30
postinfection. Carcasses of infected mice were skinned, evis-
cerated, minced, and digested in separate flasks containing
200 ml of 1 % pepsin—HCl at 37 °C for 4 h. Then the mixture
was filtered through a 60-mesh screen, and larvae concen-
trated by sedimentation were washed and counted.

Histology and determination of the number of goblet cells
and mast cells

A 2-cm-long segment of the jejunum 10 cm from the pyloric
sphincter was taken from each mouse for histological exam-
ination. The intestine was fixed in neutral buffered 10 %
formaldehyde solution for 24 h before being embedded in
paraffin and histologically processed by standard methods;
5-um sections were stained for mast cells (0.5 % toluidine
blue, followed by eosin) and goblet cells (periodic acid-
Schiff). The number of goblet cells and mucosa mast cells
per ten randomly selected villus—crypt units (VCU) were
determined by microscopy (Leica DMI 3000B, German)
from at least two sections per animal.

Mouse tongues were fixed and embedded as mentioned
above and stained with hematoxylin and eosin (H&E) for the
assessment of the burden of muscle larvae.

Statistical analysis

Results are presented as mean + SD. Statistical analysis
involved the use of GraphPad Prism 5 for Windows
(GraphPad Software, San Diego, CA, USA). Two-way
ANOVA was used for the analysis. A p<0.05 was considered
statistically significant.

Results

Taurine supplementation in drinking water alleviated the
burden of intestinal adult worms during 7. spiralis infection
in mice

To elucidate the role of taurine in 7. spiralis infection, mice
infected with T spiralis, with or without taurine in drinking
water, were killed on different days after infection. Small
intestinal adult worms were observed on days 3, 7, 10, and
15 postinfection. The maximal worm burden was on day 7
for T. spiralis-infected mice with and without taurine treat-
ment (Fig. 1). Expulsion of worms was indicated by a de-
creased number of adult worms on day 10, with almost full
clearance on day 15. However, as compared with no taurine

treatment, taurine-treated mice showed significantly lower
worm burden on days 7 and 10 postinfection (all p<0.01)
(Fig. 1). Therefore, taurine supplementation in drinking wa-
ter could reduce the burden of intestinal adult worms in 7.
spiralis-infected mice.

Taurine supplementation in drinking water alleviated the
burden of infective muscle larvae in striated muscle during 7.
spiralis infection

Next, we assessed the muscle larvae burden on day 30
postinfection. The number of larvae in striated muscle was
significantly lower with than without taurine treatment in 7.
spiralis-infected mice (p<0.01) (Fig. 2a). H&E-stained
tongue tissue showed the same tendency: encysted muscle
larvae were rarely seen in tongues of 7. spiralis-infected
mice with taurine supplementation (Fig. 2b—e). Thus, taurine
supplementation could reduce the formation of infective 7.
spiralis muscle larvae in striated muscle.

Taurine supplementation in drinking water increased
intestinal goblet cell hyperplasia during 7. spiralis infection

To investigate how taurine drinking alleviated the burden of
intestinal worms and muscle larvae during 7. spiralis infec-
tion, we observed goblet cell hyperplasia of intestinal epi-
thelium, a characteristic of intestinal nematode infection.
The number of periodic acid-Schiff (PAS)-reactive intestinal
goblet cells increased on days 7, 10, and 15 in T. spiralis-
infected mice as compared with noninfected mice (all
p<0.01). Further, the number of goblet cells was markedly
increased in the intestine of taurine-drinking infected mice
on days 3, 7, 10, and 15 (p<0.05 and p<0.01) (Fig. 3). As
compared with 7. spiralis infection alone, taurine treatment
increased the number of goblet cells on days 7, 10, and 15
(»<0.01 and p<0.05) (Fig. 3). Therefore, taurine could

250
O Ts
§ 200 Il Ts+Tau
g
E 150 o
S
o *%
S 100 1
=
3
2 50 -
0 T
day 3 day 7 day 10 day 15

Time after infection

Fig. 1 Worm burden in small intestine after infection with 7. spiralis
and taurine treatment in mice. Mice were infected with 400 muscle
larvae. The number of worms is mean + SD of eight to ten mice/group.
T's indicates 7. spiralis infection; T's + Tau indicates taurine treatment;
*p<0.05, **p<0.01 vs T.s
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Fig. 2 Muscle larvae burden
in striated muscle at day 30 after
infection with 7 spiralis and
taurine treatment in mice. Mice
were infected with 400 muscle
larvae. The number of larvae

is mean + SD of eight to ten
mice/group. Ts indicates 7.
spiralis infection; T's + Tau
indicates taurine treatment;
**p<0.01 vs T.s (a).
Hematoxylin and eosin-stained
muscle larvae (arrowhead) of
tongue tissue with 7. spiralis
infection alone (b, ¢), and 7.
spiralis infection with taurine
treatment (d, e).

¢ and e Amplification of hoxes
of b and d, respectively. Scale
bars=100 pm

Muscle larvae/mouse

increase intestinal goblet cell hyperplasia induced by the
infection.

Taurine supplementation in drinking water alleviated
intestinal mucosal mast cell hyperplasia during 7. spiralis
infection

Mucosal mastocytosis is a significant histological feature of
intestinal nematode infection. Intestinal worm expulsion de-
pends on mast cells; so next, we assessed the effects of
taurine drinking on jejunum mucosal mast cell hyperplasia.
As compared with noninfected mice, 7. spiralis-infected
mice with and without taurine treatment showed pronounced
mastocytosis in intestinal mucosa on days 10 and 15 (all
p<0.01), with lower mucosal mastocytosis with than without
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taurine treatment on days 10 and 15 (all p<0.01) (Fig. 4).
These results show that mucosal mastocytosis is a universal
phenomenon and coincides with the expulsion of adult
worms from the intestine during 7. spiralis infection in mice,
as seen in Fig. 1. Additionally, taurine supplementation can
ameliorate mastocytosis but does not affect clearance of
adult worms from the intestine.

Discussion

Here, we show for the first time that during T. spiralis
infection in mice, taurine drinking can alleviate the burden
of intestinal adult worms and muscle larvae, enhance intes-
tinal goblet cell hyperplasia, and ameliorate mucosal
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Fig. 3 Effect of taurine
treatment on goblet cell
hyperplasia of intestinal
epithelium after infection with
T. spiralis. Mice were infected
with 400 muscle larvae. a—d
Small intestine section stained
with periodic acid-Schiff on day
7 postinfection: a uninfected
control (Con), b taurine control
(Con + Tau), ¢ T spiralis
infection (7's), d taurine
treatment (7's + Tau); scale
bars=100 pm. e Number of
goblet cells in ten villus—crypt
units. Data are mean + SD of six
mice/group. *p<0.05, **p<0.01
vs Con; &p<0.05, &&p<0.01
vs T.s

Goblet cells/10VCU [™@

mastocytosis. Taurine may participate in the immune re-
sponse to infection by the parasite. In addition, these results
confirm that the modulating influence of orally administered
taurine on histological changes in the intestine may be asso-
ciated with reduced intensity of invasion and pathological
damage during experimental trichinellosis in mice.

The mucus layer overlying the intestinal epithelium has
both protective and lubricative functions, protecting the mu-
cosa against dehydration and mechanical damage and pro-
viding a physical barrier between the underlying epithelium
and luminal contents, such as pathogenic bacteria, viruses,
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Time after infection

and parasites. During invasion by an intestinal nematode, the
mucus secreted by goblet cells plays an important role in the
defense response by dislodging the established worm or
trapping the worm in the mucus and inhibiting parasite
motility and feeding, thereby excluding the worm from its
niche and favoring its expulsion (Khan 2008). Hyperplasia
of mucin-secreting goblet cells has been described in a
number of helminth infections, including that caused by 7.
spiralis (Ishikawa et al. 1997; Khan et al. 2001; Sagar et al.
2004). In addition, goblet cells are the source of a number of
other molecules involved in host defense, including
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Fig. 4 Effect of taurine 250-

treatment on mucosal mast cell

hyperplasia of the intestine after

infection with 7. spiralis. Mice = 200+
were infected with 400 muscle g

larvae. The number of mast cell (=}

in ten VCU was counted. Data = 150+
are mean + SD of six mice/group. 2

Con indicates uninfected control,; 8 1004
Con + Tau indicates taurine -

control; 7's indicates T. spiralis g
infection; T.s + Tau indicates = 50-
taurine treatment; **p<0.01

vs Con, &&p<0.01 vs T.s 0-

intestinal trefoil factor-3 (Artis and Grencis 2008). In this
study, we observed goblet cell hyperplasia in the jejunum
epithelium of mice infected with 7. spiralis. Importantly,
taurine drinking could increase the infection-induced goblet
cell hyperplasia (Fig. 3), which may increase mucus secre-
tion and enhance the defense response to helminth infection,
ultimately reducing the burden of intestinal adult worms and
muscle larvae (Figs. 1 and 2).

Mucosal mastocytosis is a significant histological feature
of intestinal nematode infection, including 7. spiralis infec-
tion. Peak mastocytosis coincides with the expulsion of the
adult worms from the intestine (Ierna et al. 2009). Mucosal
mast cells expand rapidly in the mucosa, predominantly with-
in the epithelium, and release effector molecules such as
histamine and cytokines and serine proteases such as
mMCP-1, which can cause pathology, but also induce their
role in defense against nematode infection (Pennock and
Grencis 2006). mMCP-1 specifically impairs epithelial cell
barriers by degrading the tight junction protein occludin and
thereby increasing luminal fluid flow (McDermott et al. 2003;
Anthony et al. 2007), potentially contributing to parasite ex-
pulsion. We found pronounced mastocytosis from day 10
postinfection (Fig. 4), which corresponds to the time of worm
expulsion from the intestine (Fig. 1). In addition, taurine
drinking could ameliorate 7. spiralis-induced mastocytosis
(Fig. 4), which did not delay the clearance of adult worms
from the intestine. In mice infected with 7. spiralis, amelio-
rated intestinal mucosal mastocytosis triggered by taurine
drinking may alleviate intestine inflammatory pathophysio-
logic states without changing worm expulsion.

T. spiralis-induced mucosal mast cell and goblet cell
hyperplasia depends on mucosal T cells and, more specifi-
cally, the Th2 cytokines IL-4 and IL-13 (Knight et al. 2008).
We found that taurine supplementation could ameliorate the
histological change in the 7. spiralis-infected intestine, en-
hance goblet cell hyperplasia, and alleviate mastocytosis,
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ultimately ameliorating the development and consequence
of trichinellosis. However, the mechanism of taurine ame-
liorating intestinal histology is not known. Taurine plays an
important role in the immune system as an antioxidant to
protect cells, including leukocytes, against oxidative stress
(Schaffer et al. 2009; Wang et al. 2009). Therefore, the
primary role of taurine is cytoprotection and maintaining
the homeostasis of cells involved in acute and chronic in-
flammatory and infectious disease. Previous studies have
clearly indicated that both taurine and its derivatives may
have a place in therapy for various topical infection as well as
chronic inflammatory diseases (Kim et al. 2006; Joo et al.
2009; Shimizu et al. 2009). So taurine may ameliorate intes-
tinal histological changes during 7 spiralis infection because
of its anti-inflammatory properties and cytoprotective func-
tion. Further studies are needed to investigate the underlying
mechanisms.

In conclusion, our results demonstrate that taurine sup-
plementation can ameliorate the pathologic features and
consequences of trichinellosis in mice. Taurine could atten-
uate the burden of intestinal adult worms and muscle larvae,
enhance intestinal goblet cell hyperplasia, and ameliorate
mucosal mastocytosis. Gastrointestinal parasites are proba-
bly the most important infectious agents in terms of their
global prevalence and their ability for causing diseases. Our
results may provide clues for the treatment and prevention of
trichinellosis and suggest innovative new strategies for con-
trol of intestinal helminth infections.
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