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ABSTRACT

Background Little is known about the potential adverse effects of a chronic zoonotic nematode Trichinella
spiralis infection on hepatic inflammation and its relationship to paraoxonase (PON)-1 and butyrylcholinesterase
(BuChE) activities. Therefore, we aimed to examine the effects of T. spiralis infection on hepatic synthesis of
PON1.

Methods Wistar rats were infected with 2500 first-stage larvae (L1) of T. spiralis, and serum PON1 and BuChE
activities were evaluated. Hepatic expression levels of PON1, BuChE and various cytokines and chemokines
[interleukin (IL)-1, IL-4, IL-6, IL-10, tumour necrosis factor (TNF)-a, monocyte chemoattractant protein (MCP)-1,
macrophage inflammatory protein (MIP)-1a, and transforming growth factor (TGF)-b1] were evaluated for up to
9 weeks post-infection (p.i.). The effect of these changes on the degree of hepatic apoptosis was also
investigated.

Results Trichinella spiralis infection in rats induced significant decreases in serum PON1 activities from day 2
until week 7 p.i. and BuChE activity starting from day 4 until 2 weeks p.i. Moreover, T. spiralis infection
increased serum pro-inflammatory cytokines IL-1, IL-6 and TNF-a as well as chemokines MCP-1, MIP-1a and
TGF-b1 during the enteral phase of the parasite life cycle. The anti-inflammatory cytokines IL-4 and IL-10
showed significant increases during the enteral phase for the former and the muscle phase for the latter. These
were associated with hepatic inflammation and apoptosis. These events typically decreased hepatic PON1 and
BuChE mRNA expression.

Conclusions Immune responses mounted against T. spiralis infection in rats were associated with hepatic
inflammation and a subsequent decrease in serum PON1 and BuChE activities.

Keywords apoptosis, butyrylcholinesterase, hepatitis, paraoxonase, Trichinella spiralis.
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Introduction

The liver performs many crucial metabolic activities, but it also

functions in immune defence [1]. The liver filters out potentially

immunogenic material in portal blood before entering the sys-

temic circulation. Against continuous exposures of harmless

and harmful substances, the liver discriminates them effec-

tively and generates appropriate immune responses [2,3].

Failure can alter immune response and often resulting in tissue

damage [4]. Liver diseases are inflammatory processes accom-

panied by increasing in cytokines and chemokines. At the same

time, in response to infection, tissue damage or acute inflam-

mation, the host undergoes a series of biochemical and physi-

ological changes termed as the acute-phase response. This is an

innate immune response which plays a critical role in altering

tissue damage. The synthesis of proteins in the liver in relation

to coagulation, lipid metabolism and the complement system

are often altered by the response [5].

Paraoxonase-1 (PON1) is a high-density lipoprotein (HDL)-

associated enzyme known as a free radical scavenging system

related to the acute phase response [6]. PON1 is synthesized

primarily in the liver and secreted into plasma and its natural

physiological function is metabolism of toxic oxidized lipids of

both low-density lipoprotein (LDL) and HDL particles [7].

PON1 exerts anti-atherogenic/anti-inflammatory effects

through the hydrolysis of lipid peroxides and retards LDL

oxidation. In addition, it inhibits the oxidation of not only LDL

but also HDL [8]. Paraoxonase exerts a continuous reverse

cholesterol transport from the arterial wall to the liver for

excretion [9]. This situation retards the development of
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macrophage foam cell formation and atherosclerosis [10,11].

The concentration and/or the activity of PON1 can be modified

by various infections [12].

Butyrylcholinesterase (BuChE) (pseudocholinesterase or

plasma ChE) is produced by the liver and is present in serum,

the pancreas and the central nervous system. Although the

functions of this enzyme are unknown, studies in humans and

dogs have related BuChE to lipid metabolism and its activity is

increased during lipid mobilization [13,14]. The pharmacolog-

ical and toxicological importance of BuChE is evidenced by its

ability to hydrolyze ester-containing compounds such as

cocaine and succinylcholine as well as acting as a scavenger

against neurotoxic organophosphates [15].

We have previously described the effects of nematode

infections on serum PON1 activities in laboratory animals [16–
19]. Mido et al. (2012) [16] reported that T. spiralis infection in

rats induced a significant reduction in serum PON1 activities

associated with status of oxidative stress as well as an athero-

genic lipid profile. T. spiralis infection is typified by intestinal

and muscular phases, corresponding to two distinct periods in

the parasite’s life cycle in the host. Each of these phases may

influence the immune response of the host uniquely [20]. The

host immune response during the intestinal phase of T. spiralis

infection is characterized by mixed Th1/Th2 responses with the

initial predominance of the Th1 and the subsequent

predominance of the Th2. Th2-type responses involving inter-

leukin (IL)-4, IL-10 and IL-13 are essential in the expulsion of

gastrointestinal adult T. spiralis. Anti-inflammatory effects of

IL-10 limit the immune response against the early stages of

muscle larvae of T. spiralis, but sustained control of inflamma-

tion during chronic muscle infection does not depend on it and

there is a shift to a Th2 response [21]. Nonetheless, our current

knowledge with respect to the mechanisms responsible for

regulating PON1 activity during T. spiralis is incomplete.

Considering the complex known and unknown cellular and

molecular mechanisms involved in the pathophysiology of

hepatic PON1 and BuChE synthesis, we aimed to explore the

effects of T. spiralis infection on hepatic PON1 and inflamma-

tory marker expression.

Methods

Experimental animals
Fourteen-week old male Wistar rats (375–390 g) were obtained

from Charles River Japan, Inc., Yokohama, Japan. All animals

were housed in clean cages and given a standard diet and clean

water ad libitum. Their environment was controlled in terms of

light (12-h light-dark cycle starting at 8:00 AM) and room

temperature (23 � 3 °C). The study performed with approval

from the institutional review board for animal experiments of

the University of Miyazaki (Approval No. 2014-014-2), in

compliance with the laws of Japan ‘Act on Welfare and Man-

agement of Animals’. All animal procedures were conducted in

BSL2 room.

Parasitological techniques
To infect the experimental rats, T. spiralis (code ISS3) first-stage

larvae (L1) were recovered from the muscles of mice which had

been infected for > 4 weeks as described previously by Crum

et al. (1977) [22]. In brief, donor mice were euthanized by cer-

vical dislocation and skinned and eviscerated carcasses were

minced in a meat grinder and digested for 1–2 h at 37 °C in

distilled water (10 mL/g) containing 1% [weight/volume (w/

v)] pepsin (Sigma Chemical Co., St. Louis, MO, USA) and 1%

(v/v) HCl. Larvae were isolated by passing the digestion mix-

ture through a 200-mesh screen and washed several times with

0�85% NaCl. Animals randomized to the T. spiralis group were

given 2500 L1 by oral gavage. Muscle stage larvae were counted

under a microscope following digestion of the whole carcass of

infected rats as previously described [22] and removal of the

pepsin–hydrochloride solution. Intestinal T. spiralis stages were

obtained from the intestines of infected rats from 2 days p.i.

until the end of the experiment using the Baermann technique.

Serum PON1 activity
Serum PON1 activity was assayed using three synthetic sub-

strates: paraoxon (diethyl-p-nitrophenyl phosphate; Sigma

Chemical Co.), phenyl acetate (Nacalai Tesque, Inc, Kyoto,

Japan) and dihydrocoumarin (Sigma Chemical Co.) [23]. All

activities were measured at 25 °C.

Analysis of mRNA expression of hepatic PON1, IL-1,
Il-4, IL-6, IL-10, TNF-a, MCP-1, MIP-1a, BuChE and
TGF-b1 genes using real-time PCR
To better understand the effect of T. spiralis infection on hepatic

inflammation and its relationship with PON synthesis, expres-

sion of hepatic PON1 as well as various cytokines, chemokines

and enzymes was analysed by real-time PCR using sense and

anti-sense primers throughout the experiment as previously

described [17] using the following primers sets: PON1 (GenBank

ID:NM_032077.1), sense (50-AAGTATGTCTATATCGCTGAA

TTG C-30) and anti-sense (50-CAC AGG ATC CAC AGA GAT

GTT ATC-30); BuChE (GenBank ID: NM_022942.1), sense

(50-AGAATGGATGGGAGTAATGCATGG-30) and anti-sense

(50-GCT ATT GCC CTG AGT CCC ATT GG-30); IL-1b (GenBank

ID:M98820.1), sense (50-CACCTCTCAAGCAGAGCACAG-30)
and anti-sense (50-GGG TTC CAT GGT GAAGTC AAC-30); IL-6
(NM_012589.2), sense (50-TCC TAC CCC AAC TTC CAA TGC

TC-30) and anti-sense (50-TTGGATGGTCTTGGTCCTTAGCC-

30); TNF-a (GenBank ID: NM_012675.3), sense (50-AAA TGG

GCT CCC TCT CAT CAG TTC-30) and anti-sense (50-TCT GCT

TGGTTTGCTACGAC-30);MCP-1 (GenBank ID:NM_031530.1),
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sense (50-ATG CAG TTA ATG CCC CAC TC-30) and anti-sense

(50-TTC CTT ATT GGG GTC AGC AC-30); MIP-1a (GenBank ID:

NM_013025.2), sense (50-CAT TCC TGC CAC CTG CAA AT-30)
and anti-sense (50-CAA GTG AAG AGT CCC TGG ATG TG-30);
TGF-b1 (NM_021578.2), sense (50-CGT GGA AAT CAA TGG

GATCAG-30) and anti-sense (50-CAGGAAGGGTCGGTTCAT

GT-30); IL-4 (GenBank ID: NM_031512.2), sense (5-CAG GGT

GCT TCG CAA ATT TTA C-30) and anti-sense (50-ACCG AGA

ACCCCAGACTTGTT-30); IL-10 (GenBank ID: L02926.1), sense

(50-AGAAGCTGAAGACCCTCTGGATAC-30) and anti-sense

(50-GCT CCA CTG CCT TGC TTT TAT T-30); and 18S rRNA

(GenBank ID: NR_046237.1) as a housekeeping gene, sense (50-
GAGGTGAAATTC TTGGACCGG-30) and anti-sense (50-CGA

ACC TCC GAC TTT CGT TCT-30).
Thermal cycling and fluorescence detection were performed

using a 7300 real-time PCR system (Applied Biosystems, Foster

City, CA, USA).

Changes in gene expression were calculated from the

obtained cycle threshold (Ct) values provided by real-time PCR

instrumentation using the comparative CT method to a refer-

ence (housekeeping) gene (18S rRNA) [24].

Histopathological analysis
The right liver lobes were collected from control and T. spiralis-

infected rats and were fixed in neutral buffered formalin (pH

7�2) (Nacalai Tesque Inc., Kyoto, Japan). Sections from each

liver specimen were stained with hematoxylin and eosin (HE)

and Congo red stains to examine tissue for inflammatory cell

infiltration (lymphocytes, neutrophils and eosinophils),

histopathological changes in liver cells and amyloid deposition.

Terminal deoxynucleotide transferase-mediated
terminal uridine deoxynucleotidyl transferase nick
end-labelling (TUNEL) assay
Apoptotic cells in liver sections were detected by terminal

deoxynucleotide transferase-mediated TUNEL using the APO-

BrdU-IHC TUNEL Assay Kit (APO002, AbD Serotec, UK),

according to the manufacturer’s protocol. Briefly, paraffin-

embedded liver sections (5 lm) were layered onto glass slides,

dewaxed in xylene and rehydrated through graded dilutions of

ethanol. Sections were treated with freshly diluted proteinase K

(20 lg/mL) for 15 min at room temperature. Equilibration

buffer was applied directly to the liver sections followed by

incubation with the TUNEL reaction mixture containing ter-

minal deoxynucleotidyl transferase (TdT), digoxigenin nucleo-

tide and unlabelled nucleotides for 1 h in a humidified

chamber at 37 °C. Anti-digoxigenin conjugate was applied

directly to the slides and sections were counter stained with

propidium iodide (PI), mounted and apoptotic cells were then

visualized and counted under a light microscope (Nikon

Eclipse 80i, Melville, New York, NY). TUNEL-positive cells

were counted under high-power magnification (400 9 ) in a

blinded fashion. On each slide, 10 fields were randomly

selected. Apoptotic index was calculated according to the for-

mula AI = (AC/AC + IC) 9 100 (Apoptotic index: AI, Apop-

totic cell number: AC, Intact cell number: IC) [25]. The control

was established with the positive and negative cells provided

in the kit following the same protocol as described above.

Experimental design
In all, 74 male Wistar rats were randomly allocated into two

groups (4–6 animals per group): a control group and a T. spi-

ralis-infected group. Blood for serum samples was collected

from the jugular vein of all animals on days 0, 2 and 4, and

weeks 1–7, and week 9 post-infection (p.i.).

Statistics
Statistical analysis was performed using the statistical software

package SPSS for Windows (Version 16.0; SPSS Inc., Chicago, IL,

USA). Student’s t-test was used to determine significant dif-

ferences between T. spiralis-infected groups and controls at

each checkpoint. Results are expressed as mean � standard

error of the mean (SEM). P < 0�05 were considered to be sta-

tistically significant.

Results

Monitoring of T. spiralis infection by recovery of
intestinal phase and muscle phase
Infection with T. spiralis larvae was monitored as shown in

Fig. 1a. After oral infection of male Wistar rats with 2500 L1 of

T. spiralis, intestinal stages were counted from day 2 p.i. and

gradually declined through days 4 and 7 reaching a minimum

by weeks 2 and 3 p.i. before completely disappearing by

5 weeks p.i. On the other hand, muscle stage larvae were

detectable by the digestion method in the body musculature at

week 2 p.i and gradually increased during week 3, reaching a

plateau from week 5 until week 9 p.i. Loss of body weight

followed the course of T. spiralis infection in the rat. Significant

body weight losses were detected from day 4 until 7 weeks

after infection (P < 0�05) (Fig. 1b).

Serum enzymatic activities
Comparison of the results obtained for the control rats with

those infected with T. spiralis indicates the impact of infection

on the enzymatic PON1 activity. The paraoxonase activity of

PON1, measured with paraoxon as a substrate, was found to be

significantly lower in the T. spiralis-infected group by 23, 32, 56,

47, 40, 46 and 22% (P < 0�05) on days 2, 4 and 7, and weeks 2, 3,

5 and 7, respectively, compared to the control group (Fig. 2a).

Relative to the control group, T. spiralis-infected rats showed

significant decreases in lactonase activity of PON1, which was
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measured with dihydrocoumarin as a substrate, on days 2, 4

and 7, and weeks 2, 3, 5 and 7 by 17, 29, 54, 42, 33, 40 and 17%,

respectively (Fig. 2b). Also, the arylesterase activity of PON1,

measured with phenyl acetate as a substrate, was reduced

significantly by 8, 18, 44, 25, 19 and 25% (P < 0�05) on days 2, 4

and 7 and weeks 2, 3, 5 and 7, respectively, in comparison to the

control group (Fig. 2c). The activity of another liver-synthe-

sized enzyme, butyrylcholinesterase, showed significant

(P < 0�05) reductions by 20, 27, and 28% on days 4 and 7 and

2 weeks p.i., respectively (Fig. 2d).

Changes in hepatic PON1, BuChE, IL-1, IL-6, TNF-a,
MCP-1, MIP-1a, TGF-b1, IL-4 and IL-10 mRNA
expression following T. spiralis infection
Figure 3 shows the intensity of hepatic PON1, BuChE, IL-1, IL-6,

TNF-a, MCP-1, MIP-1a, TGF-b1, IL-4 and IL-10 mRNA

normalized to 18s rRNA in the T. spiralis-infected rats compared

with control rats on days 2,4 and 7, and weeks 2, 3, 5, 7 and 9.

Infection with T. spiralis induced a significant (P < 0�05)
down-regulation in PON1mRNA on days 4 (1�5-fold) and 7 (4�7-
fold), as well as week 2 (4�5-fold) p.i. without significant changes

from week 3 until week 9 p.i. BuChE mRNA expression in the

liver of rats infected with T. spiralis was significantly down-

regulated by 1�8, 2�2 and 2�8-folds on days 2, 4 and 7 p.i. (Fig 3a).

At the same time, IL-1 showed a significant up-regulation (8-fold;

P < 0�05) on day 7 p.i. without significant changes at the other

checkpoints. IL-6 mRNA expression in the hepatic tissue of

T. spiralis-infected rats was significantly (P < 0�05) increased on

days 4 and 7 p.i. by 40 and 38 fold, respectively. The results

showed that there is a significant increase (P < 0�05; 6 fold) in

hepatic TNF-a mRNA expression on day 7 p.i. (Fig. 3a). MCP-1

hepatic expression was significantly (P < 0�05) up-regulated by

7, 9 and 5 folds on days 4 and 7 and week 2, respectively. MIP-1a
mRNAhepatic expressionwas significantly increased by 2�5 and
11 folds on days 4 and 7 p.i., respectively. Also, hepatic TGF-b1
showed significant up-regulation by 2, 2�2, 3 and 2�8-folds on
days 2, 4, 7 and 2 weeks p.i., respectively (Fig. 3b). Notably, IL-4

mRNA expression showed significant (P < 0�05) up-regulation
in hepatic tissue by 4, 382 and 2�5-folds on days 4 and 7, and

2 weeks p.i., respectively. Infection of rats with T. spiralis

induced a significant (P < 0�05) up-regulation of hepatic IL-10

expression at week 7 p.i. followed by a significant (P < 0�05)
down-regulation (3-fold) by week 9 p.i. (Fig. 3c).

Histopathological examination of hepatic tissue
To identify the correlation between changes in hepatic function

manifested by reduced serum PON1 and BuChE activities and

the hepatic innate immune response, we checked the liver

sections stained with HE and Congo red. The examined sec-

tions showed inflammatory cell infiltrations (lymphocytes,

neutrophils and eosinophils) especially around the portal vein

and in the septa between hepatic lobules. These infiltrations

were evident by day 2 through days 4 and 7 p.i. as well as at

weeks 2, 3 and 5 p.i. Moreover, there was hepatic pyknosis on

week 5 p.i. and hydropic degeneration in the hepatocytes at

week 7 p.i. The liver tissues appeared to be normal by week 9

p.i (Fig. 4). Amyloid deposition was evident especially around

blood vessels in the liver tissue on days 2, 4, 7 and week 2 p.i. as

shown in Congo red stained sections (Fig. 5). Parallel to these

histopathological changes in the liver tissue, there was a sig-

nificant increase in apoptotic TUNEL-positive cells on days 4, 7

as well as weeks 2 and 3 p.i. (Fig. 6).

Discussion

Hepatic innate immune responses are involved and contribute

to the systemic response to local inflammation, clearance of
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particles and soluble molecules from the circulation, and killing

of invading cells such as neoplastic cells [26]. In our previous

work, we investigated the correlation between intestinal infec-

tion and liver functions and the immunological response.

We found that T. spiralis infection significantly decreased

body weight starting from day 7 until week 7 p.i. This might

have resulted from a decrease in food intake during T. spiralis

infection as a result of an increase in cholecystokinin expressing

enteroendocrine cells, under the control of IL-4 and IL-13

secreting CD4+ T cells [27]. Cholecystokinin, in large part,

induces its effects via a delay in gastric emptying [28].

Moreover, we found that T. spiralis infection significantly

decreased serum PON1 and BuChE activities in Wistar rats.

The observed reduction in serum PON1 (paraoxonase, lac-

tonase and arylesterase) activity was similar to that reported

previously [16]. In the current study, we expand on these

results, and address the correlation between serum enzymatic

activity and its hepatic synthesis as well as the association with

hepatic inflammatory status. Our results showed a significant

reduction in serum paraoxonase and lactonase activities from

day 2 which continued until week 7 p.i. and up to week 5 p.i.

for arylesterase activity. The reduction of serum PON1 covered

both the intestinal and early muscle phases. On the other hand,

the activity of BuChE was significantly reduced from day 4

until week 2 p.i. (only during intestinal phase).

Importantly, we found that serum PON1 activity is signifi-

cantly decreased during the intestinal phase of T. spiralis

infection in rats with a parallel decrease in liver mRNA

(Fig. 3a). The reduction of PON1 activity in this model is pro-

portional to degree of hepatic PON1 mRNA down-regulation

during the enteral phase. Nonetheless, the observation is sup-

ported by evidence from previous studies consistent with the

idea that serum PON1 activity is closely correlated with hepatic

PON1 mRNA levels [6,29,30]. Similarly, the hepatic expression

of BuChE mRNA is down-regulated during the intestinal

phase. Liver inflammatory status associated with T. spiralis

infection is one of the mechanisms responsible for hepatic

PON1 and BuChE mRNA down-regulation during this infec-

tion in rats. This hepatic inflammation is evidenced by signifi-

cant up-regulation of pro-inflammatory cytokines IL-1 (day 7

p.i.), IL-6 (days 4 and 7 p.i.) and TNF-a (day 7 p.i.). These

results are supported by the results of Kumon et al. [31] who

found that hepatic PON1 is down-regulated following treat-

ment with TNF-a and IL-1. The role of pro-inflammatory

cytokines in down-regulation of PON1 mRNA is thus primarily

mediated by nuclear factor-jB (NF-jB) [32]. The same

P
er

ce
nt

ag
e 

of
 r

ed
uc

ti
on

P
er

ce
nt

ag
e 

of
 r

ed
uc

ti
on

Percentage of reduction

P
er

ce
nt

ag
e 

of
 r

ed
uc

ti
on

P
er

ce
nt

ag
e 

of
 r

ed
uc

ti
on

U
/m

L

U
/m

L

U
/m

L

(Butyrylcholinesterase)(Arylesterase)

(Lactonase)(Paraoxonase)

Days/weeks postinfection Days/weeks postinfection

Control T. spiralis- infected rat

250

200

150

100

50

0

25

20

15

10

5

0

60

50

40

30

20

10

0

60

50

40

30

20

10

0

50

45

40

35

30

25

20

15

10

5

–5

0

35

30

25

20

15

10

5

–5

–10

–15

–20

0

70

60

50

40

30

20

10

0

U
/L

900

800

700

600

500

400

300

200

100

0

* *

*
*

* *
*

*
*

*
*

* * *

*
* *

(a) (b)

(c) (d)

* *

*

*
* *

2 days 4 days 7 days 2 weeks 3 weeks 5 weeks 7 weeks 9 weeks 2 days 4 days 7 days 2 weeks 3 weeks 5 weeks 7 weeks 9 weeks

2 days 4 days 7 days 2 weeks 3 weeks 5 weeks 7 weeks 9 weeks 2 days 4 days 7 days 2 weeks 3 weeks 5 weeks 7 weeks 9 weeks

Figure 2 Effect of T. spiralis infection on serum PON1 and butyrylcholinesterase activities. Paraoxonase (a), lactonase (b),
arylesterase (c) and butyrylcholinesterase (d) activities in male Wistar rats on days 2, 4 and 7 and weeks 2, 3, 5, 7 and 9 p.i. *P < 0�05
compared with control values. Bars represent means � SEM (n = 4–6).

254 ª 2017 Stichting European Society for Clinical Investigation Journal Foundation

A.S. FARID ET AL. www.ejci-online.com



Figure 3 Messenger RNA expression of hepatic PON1, BuChE, IL-1, IL-6, TNF-a, MCP-1, MIP-1a, TGF-b1, IL-4 and IL-10 genes. Total
RNA was prepared from hepatic tissues of rats infected with T. spiralis and controls on days 2, 4, and 7 and weeks 3, 5, 7 and 9 p.i.
The expression levels were evaluated by real-time PCR. *P < 0�05 compared with control values. Bars represent means � SEM
(n = 4–6).
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Figure 4 Histopathological examination of rat liver sections on different days following infection with 2500 L1 T. spiralis. Liver
sections were deparaffinized, stained with hematoxylin–eosin (HE), and examined under light microscopy. Bold arrows indicate
eosinophils, narrow arrows indicate plasma cells and yellow stars indicate accumulation of inflammatory cells (lymphocytes,
neutrophils and eosinophils) on days 2, 4 and 7, and weeks 2, 3, 5,7 and 9, as well as control liver section with no abnormalities (day
0 p.i.). Scale bars, 100 lm (high-power field) and inset scale bars, 100 lm (low-power field).

256 ª 2017 Stichting European Society for Clinical Investigation Journal Foundation

A.S. FARID ET AL. www.ejci-online.com



Figure 5 Congo red-stained sections of liver tissues of T. spiralis-infected rat on different days following infection with 2500 L1
T. spiralis. Liver sections were stained Congo red on different check points after T. spiralis infection. Bold arrows indicate
eosinophils, narrow arrows indicate amyloid deposition, head arrows indicate plasma cells and yellow stars indicate accumulation
of inflammatory cells (lymphocytes, neutrophils and eosinophil) on days 2, 4 and 7, and weeks 2, 3, 5, 7 and 9 as well as control liver
section with no abnormalities (day 0 p.i.). Scale bars, 100 lm (high-power field) and inset scale bars, 100 lm (low-power field).
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mechanism of increased hepatic inflammatory cytokines (IL-1,

IL-6 and TNF-a) down-regulates the expression of the BuChE

gene function [33]. This finding is supported by our previous

results that showed a reduction in serum BuChE activity 7 days

after Nippostrongylus brasiliensis infection coinciding with the

maximum inflammatory response against the infection [19].

It is interesting to note that the reduction of serum PON1

activities started (day 2 p.i.) before the down-regulation of its

hepatic synthesis (day 4 p.i.), while the reduction in serum

BuChE activity was noted after (day 4 p.i.) the down-regulation

of its hepatic synthesis (day 2 p.i.). The reason for this might be

due to increased PON1 enzyme degradation and/or structural

Enteral phase
Day 0 p.i Day 2 p.i Day 4 p.i

Day 7 p.i Week 2 p.i

Week 3 p.i Week 5 p.i

Week 7 p.i Week 9 p.i
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Figure 6 Apoptotic cell death in liver sections was detected using the TUNEL kit. TUNEL-positivity in liver specimens collected
from T. spiralis-infected rats on days 0, 2, 4 and 7, and week 2 (a) and weeks 3, 5, 7 and 9 p.i. (b). Scale bars, 100 lm (high-power
field) and inset scale bars, 100 lm (low-power field). (c) Bar graph of the numbers of TUNEL-positive cells per high-power field.
*P < 0�05 vs. control rat. Bars represent means � SEM (n = 4).
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alterations of its protein molecules caused by free radical action

[16,34,35], in addition to the differences in serum half-lives for

both enzymes. The serum half-life of PON1 is ~ 6 h [36], while

in the case of serum BuChE it is 9–11 days [37].

In our study, we found significant over-expression of pro-

inflammatory mediators (IL-1, IL-6, TNF-a and MIP-1a). IL-1 is

a potent inflammatory cytokine mainly produced by macro-

phages [38] and was significantly over-expressed on day 7 p.i. It

either directly or through induction of other cytokines such as

IL-6 (over-expressed on days 4 and 7) and TNF-a (over-

expressed on day 7) promotes development of liver inflam-

mation by increasing the expression of adhesion molecules and

chemotactic factors. Recruitment of inflammatory cells, induced

by the injured liver, then takes place [39] as is evident by the

presence of inflammatory cell infiltrations (Figs 4 and 5).

The beta chemokines primarily have chemotactic activities for

mononuclear cells; the prototypes of this group are MCP-1 and

MIP-1a, both of which can induce monocyte and lymphocyte

chemoattractions [40]. MCP-1 in our study showed significant

increases ondays 4 and 7 aswell asweek 2 p.i. IL-1 andTNF-a are
both potent inducers of MCP-1 [41]. Although the mechanism of

action ofMCP-1 in the liver inflammatory process is unclear, this

chemokine may directly cause impairment of hepatocyte prolif-

eration [42]. It also recruits and activates monocytes/macro-

phages into the injured tissues [43].MCP-1 is intimately involved

in stimulation of the inflammatory infiltrates, and might also

have immunomodulatory effects, by enhancing the expression of

adhesionmolecules inmonocytes andpromoting the synthesis of

pro-inflammatory cytokine synthesis, thus intensifying the

inflammation of liver tissue [44].

TGF-b is a multifunctional cytokine with key roles in devel-

opment, immunity, carcinogenesis and wound healing. TGF-b
represents an important link between immune cells and fibro-

genic cells across organs [45]. The majority of TGF-b is pro-

duced by immune cells, including hepatic macrophages, and

directly promotes fibrogenesis in myofibroblasts [38]. These

elevated levels of TGF-b have been suggested to inhibit the

proliferation of hepatocytes and stellate cells, acting as an

inducer of apoptosis and a negative feedback mechanism

[46,47]. TGF-b triggers structural abnormalities in the vascula-

ture leading to perivascular amyloidogenesis and microvascu-

lar degeneration [48]. These effects of TGF-b explain our results

of amyloid deposition around the portal vein during T. spiralis

infection in rats (Fig. 5) and increased hepatic apoptosis asso-

ciated with increased expression of TGF-b (Fig. 6).

It is worth mentioning that the accumulation of inflammatory

cells in hepatic tissue during T. spiralis infection is crucial for

the elimination of invading organisms, but overwhelming

activation of these cells may amplify liver damage [38].

It is known that chronic helminth infections are often

associated with polarized Th2 responses with predominantly

IL-4 and IL-10 responses. IL-4 together with IL-13 promotes

the expulsion of nematodes from the intestine by evoking

mastocytosis, eosinophilia, intestinal muscle hypercontractil-

ity, goblet cell hyperplasia and mucous secretion [49]. IL-4

also participates in tissue repair and remodelling and controls

Th1 responses and worm expulsion via alternative activation

of macrophages [50]. Thus, elevated expression of hepatic IL-4

during T. spiralis infection might have an anti-inflammatory

effect against hepatic inflammation and explains the hepatic

eosinophilia that was associated with the infection (Figs 4 and

5). Notably, IL-10 has a pivotal role in regulating inflamma-

tion in the liver during T. spiralis infection in mice. This is

evidenced by hepatic necrosis in IL-10 knock-out mice [51];

therefore, the absence of hepatic IL-10 expression up to week

5 p.i. with T. spiralis in rats might explain the inflammatory

changes that occurred in the liver. Interestingly, there is a

significant up-regulation of IL-1 mRNA in the liver of T. spi-

ralis-infected rats on week 7 p.i. This was associated with

encapsulation of muscle larvae and induced anti-inflamma-

tory responses which occurred at 30–50 days p.i. [52]. It is

interesting that hepatic IL-10 expression was down-regulated

significantly on week 9 p.i. This observation is easily under-

stood in the context of reduced inflammatory process after

complete encapsulation of muscle larvae. Both IL-4 and IL-10

may act as anti-inflammatory mediators against necroinflam-

matory lesions and as an eosinophilic effector mechanism

inducing liver lesions [53].

Conclusion

In this work, we provide new information about the role of the

immune response mounted during infection with T. spiralis in

male Wistar rats in induction of hepatic inflammation and

subsequent decrease in serum PON1 and BuChE activities.

Future work will be aimed at determining the nature of the

immune response in the liver itself and the relationship

between intestinal immune cells and the liver during infection.
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