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Abstract Porcine circovirus type 2 (PCV2) causes repro-

ductive failure in swine. As glutamine can enhance immune

function in animals, this study was conducted with mice to

test the hypothesis that dietary glutamine supplementation

will improve pregnancy outcome in PCV2-infected dams.

Beginning on day 0 of gestation, mice were fed a standard

diet supplemented with 1.0% L-glutamine or 1.22% L-ala-

nine (isonitrogenous control). All mice were infected with

PCV2 (2000 TCID50) on day 10 of gestation. On day 17 of

gestation, six mice from each group were euthanized to

obtain maternal tissues and fetuses for hematology and his-

topathology tests. The remaining mice continued to receive

their respective diets supplemented with 1.0% L-glutamine

or 1.22% L-alanine through lactation. The PCV2 virus was

present in maternal samples (serum and lung) of most mice in

the control group but was not detected in the glutamine-

supplemented mice. Dietary glutamine supplementation

reduced abortion, decreased fetal deaths, and enhanced

neonatal survival. The glutamine treatment also reduced

concentrations of interleukin-6, while increasing concen-

trations of tumor necrosis factor-a and C-reactive protein, in

the maternal serum of mice. Furthermore, glutamine sup-

plementation attenuated microscopic lesions in maternal

tissues (lung, spleen, and liver). Collectively, these results

indicate that dietary glutamine supplementation is beneficial

for ameliorating reproductive failure in virus-infected mice.

The findings support the notion that gestating dams require

adequate amounts of dietary glutamine for the optimal sur-

vival and growth of embryos, fetuses, and neonates, and have

important implications for nutritional support of mammals

(including swine and humans) during gestation and lactation.
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Abbreviations

CRP C-Reactive protein

IL-1b Interleukin-1b
IL-6 Interleukin-6

PCV2 Porcine circovirus type 2

qPCR Quantitative polymerase chain reaction

TNF-a Tumor necrosis factor-a

Introduction

Infection is the colonization of a host by pathogenic

organisms (e.g., viruses, prions, bacteria, and fungi)
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(Grau-Roma et al. 2011). Available evidence shows that

infectious diseases are a major cause for the loss of

pregnancy in both humans and livestock species (Vincent

et al. 2010). Thus, prophylactic measures should be

taken to protect gestating dams against the pathogens.

Currently, the available methods include the use of

antibiotics, the optimization of housing and management

conditions, the development of vaccines, and improved

breeding to increase resistance to disease. Unfortunately,

the inclusion of antibiotics as dietary additives has been

restricted because of concerns about the development of

antimicrobial resistance and the transference of antibiotic

resistance genes from animals to human microbiota

(Monroe and Polk 2000). Also, housing and management

conditions frequently cannot be optimized due to prac-

tical constraints in the system of swine production.

Furthermore, vaccines may be associated with some

disadvantages, including a prolonged period of time from

research to marketing, efficacy, costs, and the risk of

failure (Eamens et al. 2006). Thus, nutritional regulation,

particularly the use of functional amino acids to modu-

late immune responses and enhance resistance to infec-

tious diseases, may be an attractive solution (Li et al.

2007; Ren et al. 2011).

Porcine circovirus type 2 (PCV2) causes the post-

weaning multi-systemic wasting syndrome in piglets (Allan

et al. 1998). This disease is characterized by progressive

weight loss, generalized enlargement of lymph nodes, as

well as the symptoms of pallor, jaundice, and diarrhea

(Stevenson et al. 2001). In addition to neonates, PCV2 can

infect gestating pigs, resulting in reproductive failure, fetal

deaths, and neonatal mortality (Ladekjaer-Mikkelsen et al.

2001). The PCV2 infection results in substantial economic

losses to pork producers (Opriessnig et al. 2009). At

present, effective methods for controlling PCV2 are

limited.

Glutamine is an amino acid crucial for optimal immune

responses (Li et al. 2007), fetal growth and survival (Wu

et al. 2010a), and metabolic regulation (Bonetto et al. 2011;

Cooksey and McClain 2011; Rogero et al. 2010). Specifi-

cally, glutamine plays a role in: (1) the metabolism of

carbohydrates, fatty acids, and proteins, (2) proliferation

and differentiation of fibroblasts, lymphocytes and

enterocytes, (3) phagocytosis of pathogens by activated

macrophages, (4) production of cytokines, and (5) intra-

cellular redox status and antioxidative reactions (Li et al.

2007; Wells et al. 1999; Wu 2009; Xi et al. 2011). Thus,

glutamine may be able to ameliorate the reproductive

failure caused by PCV2. At present, little is known about

the effects of glutamine on embryonic and fetal survival in

animals or humans in response to infectious disease. We

hypothesized that dietary glutamine supplementation may

enhance the host resistance to PCV2 and pregnancy

outcome in mammals. The present study was conducted

with mice to test this novel hypothesis.

Materials and methods

Preparation of PCV2 stock

A PCV2 infectious clone constructed by self-ligation of the

PCV2 genome via a SacII enzyme site was used to generate

the virus stock pools required for experimental infection

(Ren et al. 2011). In brief, the continuous porcine kidney

cell line PK-15 (Wen et al. 2008), free of PCV1 and PCV2,

was cultured in the RPMI-1640 medium supplemented

with 6% (vol/vol) fetal calf serum (FCS). The cell mono-

layer was dispersed by using trypsin–EDTA, and sus-

pended in this RPMI-1640 medium. The porcine kidney

PK-15 cells were simultaneously infected with the PCV2

clone. After a 72-h period of culture, the infected cells were

frozen and thawed three times, and the cell extract was

tested by the polymerase chain reaction (PCR) technique

before being stored at -20�C. PCV2 stocks were titrated

with the porcine kidney PK-15 cells (Wen et al. 2008).

Animals and experimental protocol

The experiment was conducted as described previously

(Ren et al. 2011) with some modifications. In brief, 80

female primiparous KM mice were obtained from Labo-

ratory Animal Center of Central South University (Hunan,

China). The mice were housed individually in a pathogen-

free mouse colony (room temperature = 20–30�C, relative

humidity = 45–60%, lighting cycle = 12 h light and 12 h

dark) and had free access to food and drinking water. The

mice were randomly assigned to the L-glutamine group

(supplementation of 1.0% L-glutamine to the basal diet,

n = 40) or control (isonitrogenous) group (supplementa-

tion of 1.22% L-alanine to the basal diet, n = 40). Both

glutamine and alanine were products of Ajinomoto Inc.

(Tokyo, Japan). The content of amino acids in the basal

diet was measured using an automatic amino acid analyzer

(Kong et al. 2009) after acid hydrolysis (Li et al. 2011; Yin

et al. 1993, 2008a). This basal diet contained 1.94%

L-glutamate, 1.80% L-glutamine, and 0.91% L-alanine.

After 3 days of acclimation, female mice started to mate

with fertile males of the same genetic background.

Beginning on day 0 of gestation (the date of mating), the

female mice started receiving dietary supplementation with

either 1.0% L-glutamine or 1.22% L-alanine. On day 9 after

copulation, 18 and 24 mice were found to be pregnant in

the glutamine and control groups, respectively. All the

mice were infected with PCV2 (2000 TCID50) on day 10 of

gestation and six mice from each group were euthanized on
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day 17 of gestation to obtain maternal blood and organs as

well as fetuses. The remaining mice continued to receive

their respective diets supplemented with 1.0% L-glutamine

or 1.22% L-alanine through lactation. Abortion rate is

defined as the number of pregnant mice with abortion/the

total number of pregnant mice. After parturition, neonates

were reared by their mothers. Neonatal survival rate within

the first 12 days after birth is defined as the number of live

neonates/the total number of neonates. Daily weight gains

of postnatal mice were recorded. This study was performed

according to the guidelines of the Laboratory Animal

Ethical Commission of the Chinese Academy of Sciences

(the registry number was 011063506).

Analysis of cytokines in serum

Interleukin-1b (IL-1b), interleukin-6 (IL-6), tumor necrosis

factor-a (TNF-a), and C-reactive protein (CRP) in serum

were measured using ELISA kits in accordance with the

manufacturer’s instructions (Cusabio Biotech Co., Ltd.,

China) as described by Yin et al. (2008b). An aliquot

(100 ll) of serum or standard was added to duplicate wells of

a microtiter plate, which had been pre-coated with a specific

antibody. The buffer was used as a negative control. The

plate was incubated for 2 h at 37�C. A 100 ll of a biotin-

antibody was added to each well after the removal of the

liquid from each well and incubated at 37�C for 1 h. The

wells were washed three times with 200 ll of the washing

buffer. A 100 ll quantity of horseradish peroxidase-conju-

gated avidin was then added to each well and incubated at

37�C for 1 h. After the final washing, an aliquot (90 ll) of the

TMB substrate was added and incubated at 37�C for 30 min

in the dark. The reaction was stopped with 50 ll of a ter-

minating solution and absorbance measured at 450 nm.

Hematology tests for pregnant mice

Blood samples were prepared as we described previously

(Kong et al. 2009; Yin et al. 2010a). Hematology tests were

conducted at Huangxing Hospital (Changsha, China).

DNA extraction and quantitative PCR (qPCR) analysis

of PCV2

DNA was extracted from maternal samples (5 mg spleen,

10 mg lung, and 100 ll serum) and 10 mg fetus, using tissue

genomic DNA extraction kits (Betimes Biotechnology Co.

Ltd., China) according to the manufacturer’s instructions.

DNA from the samples was eluted with 80 ll of elution

buffer and stored at -20�C until analysis. DNA extracts were

utilized for quantification of PCV2 genomes using the real-

time PCR. Prior to the quantification of PCV2 genomes in the

samples, a PCR standard for PCV2 was established. Briefly,

a PCV2 genome was cloned in the pMD�18-T Vector (Ta-

kara, China) after PCR amplification with the following

primers: forward, 50-CCGCGGGCTGGCTGAACTTTTG

AAAG-30 and reverse, 50-CCGCGGAAATTTCTGACA

AACGTTAC-30 (GenBank accession number: EU095020),

and transformed in TOP10 competent cells (Invitrogen,

Grand Island, NY, USA). The plasmid was prepared using a

PureLink
TM

HiPure Plasmid Midiprep Kit (Invitrogen). The

PCV2 plasmid was mixed with the mouse DNA extracted

from a PCV2 PCR-negative blood sample. Ten-fold dilu-

tions of this mixture (from 1011 to 102 PCV2 copy numbers/ll)

were used as a standard for PCV2 quantitation. The qPCR

was performed using a SYBR Green detection kit (Takara,

China), containing MgCl2, dNTP, and Hotstar Taq poly-

merase. 1 ll of template solution was added to a total volume

of 10 lL containing 5 lL SYBR Green mix, and 0.2 lL each

of the forward and reverse primers (10 lM). We used the

following protocol: (1) pre-denaturation (30 s at 95�C), (2)

amplification and quantification, repeated for 40 cycles (5 s

at 95�C, 34 s at 60�C), and (3) melting (60–99�C at a heating

rate of 0.1�C/s and fluorescence measurement). Statistical

analysis of qPCR data was performed as described by Fu

et al. (2010).

Histopathology tests for pregnant mice

Maternal samples (spleen, liver and lung) of pregnant mice

were fixed in 10% neutral buffered formalin, embedded in

paraffin, sectioned (5 mm thickness), and stained with

hematoxylin and eosin for histopathologic examination.

Microscopic lesions were evaluated in a blinded fashion by

a veterinary pathologist using a previously described

scoring system (Fenaux et al. 2002; Opriessnig et al. 2004).

Lung sections were examined for the presence and severity

of interstitial pneumonia, and scored on a scale from 0

(normal) to 6 (severe diffuse). Sections of the liver were

evaluated for the presence of lymphohistiocytic inflam-

mation and scored from 0 (none) to 3 (severe). Spleens

were evaluated for the presence of lymphoid depletion and

histiocytic inflammation ranging from 0 (normal) to 3

(severe).

Statistical analysis

Data are expressed as means ± the standard error of the

mean (SEM). All statistical analyses were performed using

the SPSS 16.0 software (Chicago, IL, USA). Data on the

abortion rates of pregnant mice and the survival rates of

neonates were analyzed by the v2 analysis (Li et al. 2010).

Other data were analyzed by the student’s t-test (Wei et al.

2011; Huang et al. 2005). Differences were considered

significant at P B 0.05. P values of 0.05–0.10 were con-

sidered to represent a trend toward significance.
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Results

Clinical observations

Food intake did not appear to differ between the glutamine-

supplemented and control mice during gestation or lacta-

tion. After PCV2 infection, 4 of 18 pregnant mice in the

glutamine group (22.2%) were aborted and the abortion

rate was 50% in the control (alanine) group (Table 1).

Although dietary L-glutamine supplementation did not

affect litter birth weight, litter size (the number of new-

borns per liter) in the glutamine group was much higher

(P \ 0.01) than that in the control group (Table 1). Fur-

thermore, the survival rate of neonates within the first

12 days after birth was higher in the glutamine group

(82.2% vs. 59.4%, P \ 0.01), compared to the control

group (Table 2). No difference was observed in the daily

weight gain of neonates in the first 12 days after birth

between the glutamine and control groups (Table 2).

Serum cytokine profile and hematology

of PCV2-infected mice

Concentrations of IL-1 b, IL-6, TNF-a and CRP in serum

were measured on day 17 of gestation (7 days after

infection with PCV2). As indicated in Table 3, dietary

glutamine supplementation decreased (P = 0.03) concen-

trations of IL-6 in serum, while increasing (P \ 0.01)

concentrations of TNF-a in serum. Concentrations of CRP

in serum tended to be higher (P = 0.06) in the glutamine

group than those in the control group. In contrast, dietary

glutamine supplementation did not affect serum IL-1b
levels in the pregnant mice. No differences in hematology

were detected between the glutamine and control groups,

including white blood cells, lymphocytes, neutrophilic

granulocytes, red blood cells, hemoglobin, hematocrit,

platelets, and thrombocytocrit (Table 4).

PCV2 virus load in maternal tissues and fetuses

of PCV2-infected mice

To validate the ability of glutamine supplementation to

clear PCV2 from the infected pregnant mice, we analyzed

the PCV2 genome in maternal samples (serum, spleen and

lung) and fetuses using qPCR. In the control group, PCV2

DNA was present in the maternal serum and lungs of most

of the infected mice, absent from the maternal spleen, and

detected in fetuses of 1 out of 6 mice (Table 5). The mean

PCV2 log10 genomic copies per gram tissue or milliliter

serum were 4.86 for the fetus, 6.44 for the maternal lung,

and 7.81 for the maternal serum. In contrast, all maternal

and fetal tissues were negative for the PCV2 DNA in the

glutamine group.

Histopathologic analysis of maternal tissues

in PCV2-infected mice

PCV2 infection resulted in interstitial pneumonia and

alveolar wall thickening due to the infiltration of macro-

phages and lymphocytes in the maternal lung, lymphoh-

istiocytic inflammation in the maternal liver, and lymphoid

depletion and histiocytic inflammation in the maternal

spleen of all pregnant mice (Fig. 1). However, the lesions

in the maternal lung of glutamine-supplemented mice

(Fig. 1a) were milder, compared with the control group

(Fig. 1b). Glutamine-supplemented mice (Fig. 1c) also

exhibited less lymphohistiocytic inflammation in the

maternal liver, compared with the control group (Fig. 1d).

Table 1 Effects of dietary glutamine supplementation on the abortion rate and litter size in pregnant mice infected with PCV2

Variable 1.0% Gln 1.22% Ala P value

Abortion rate of pregnant mice (%) 22.2 (18) 50.0 (22) \0.01

Litter size at birth (n/litter) 10.9 ± 0.54 9.00 ± 0.26 \0.01

Birth weight of mice (g/mouse) 1.17 ± 0.05 1.26 ± 0.17 0.49

The rates of abortion were calculated on the basis of 18 and 22 pregnant mice, respectively, in the glutamine and alanine groups. 1.0% Gln: 1.0%

glutamine ? basal diet; 1.22% Ala: 1.22% alanine ? basal diet

Table 2 Effects of dietary glutamine supplementation on neonatal survival and daily weight gains of neonates from mice infected with PCV2

during pregnancy

Variable 1.0% Gln 1.22% Ala P value

Survival rate of neonates (%) 82.2 59.4 \0.01

Daily weight gain (g/mouse/day) 0.35 ± 0.04 0.33 ± 0.03 0.73

The survival rates of neonates were calculated on the basis of 45 and 32 newborn mice, respectively, in the glutamine and alanine groups 1.0%

Gln 1.0% glutamine ? basal diet, 1.22% Ala 1.22% alanine ? basal diet
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Additionally, dietary glutamine supplementation decreased

microscopic lesions in the maternal spleen (Fig. 1e), in

comparison with the control group (Fig. 1f). Microscopic

lesion scores in the collected maternal tissues are summa-

rized in Table 6. Overall, mice in the glutamine group had

lower scores of microscopic lesions in the lung (P \ 0.01)

and spleen (P = 0.02), compared with the control group.

The maternal livers of glutamine-supplemented mice ten-

ded to have a lower score of microscopic lesions than the

control group (P = 0.06).

Discussion

PCV2 was a widespread, circular, and single-stranded

DNA virus. It was originally identified in piglets with

multi-systemic wasting syndrome (Allan et al. 1998). Now,

all the disorders resulting from PCV2 infection are termed

as porcine circovirus-associated disease or porcine circo-

virus disease (Opriessnig et al. 2009). These disorders are

manifest as dermatitis (Rosell et al. 2000), nephropathy

syndrome (Rosell et al. 2000), reproductive disorders

(West et al. 1999), enteritis (Kim et al. 2004), proliferative

and necrotizing pneumonia (Grau-Roma and Segales

2007), and respiratory disease complex (Kim et al. 2003).

Besides its highly pathogenic property, the virus exists

ubiquitously in swine and its outbreak can cause great

economical losses to the pork industry. Thus, many

methods have been proposed to prevent and treat PCV2

infection, such as containment, sound husbandry, herd

management, good sanitation, immunization and antibiotic

therapy (Jung et al. 2010; Grau-Roma et al. 2011).

Unfortunately, these methods have met limited success for

various reasons under the practical conditions of swine

production. Thus, nutritional regulation for increasing the

immune responses of the host appears to be the first choice

of prophylactic measures against PCV2 infection. Using

the mouse model, we recently reported that dietary

L-arginine supplementation had beneficial effects on the

cytokine profile in the serum of PCV2-infected mice and

could delay PCV2 replication and clear PCV2 from the

maternal tissues, thereby partially reversing the reproduc-

tive failure in PCV2-infected pregnant mice (Ren et al.

2011). The current study, which focused on glutamine, is

an extension of our long-standing work on nutrition and

immunity (Li et al. 2007; Tan et al. 2010; Wu et al. 1991,

2010b). The findings support the notion that gestating dams

require sufficient amounts of dietary glutamine for the

optimal survival and growth of embryos, fetuses, and

neonates, particularly in litter-bearing mammals (Wu et al.

2011a).

Several studies reported fetal deaths, mummification,

and late-term abortion in PCV2-infected pregnant sows

(Ladekjaer-Mikkelsen et al. 2001). Subsequent experi-

ments confirmed the pathogenic capacity of PCV2 in the

conceptus using intrafetal inoculation with PCV2 at the

different stages of fetal development (Yoon et al. 2004).

Substantial abortion also occurs in sows in response to

intranasal inoculation (Park et al. 2005). All of these

findings indicate that PCV2 has unfavorable effects on

pregnant swine. The deleterious effect of PCV2 on preg-

nancy outcome was also observed in mice (Ren et al.

2011). Importantly, dietary glutamine supplementation

decreased the abortion rate, while increasing fetal survival

and litter size as well as the survival of neonates (Table 2).

Table 3 Effects of dietary glutamine supplementation on the cyto-

kine profile in the serum of pregnant mice infected with PCV2

Variable 1.0% Gln 1.22% Ala P value

IL-1b (ng/ml) 48.9 ± 3.6 41.6 ± 5.2 0.33

IL-6 (pg/ml) 139 ± 20 357 ± 79 0.03

TNF-a (ng/ml) 1.32 ± 0.10 0.82 ± 0.04 \0.01

CRP (lg/ml) 90.3 ± 8.2 63.1 ± 8.3 0.06

IL-1b interleukin-1b, IL-6 interleukin-6, TNF-a tumor necrosis factor-

a, CRP C-reactive protein, 1.0% Gln 1.0% glutamine ? basal diet,

1.22% Ala 1.22% alanine ? basal diet

Table 4 Effects of dietary glutamine supplementation on hematol-

ogy of pregnant mice infected with PCV2

Variable 1.0% Gln 1.22% Ala

White blood cells (109/L) 6.77 ± 0.72 6.78 ± 0.90

Lymphocytes (109/L) 5.28 ± 0.73 5.80 ± 0.75

Intermediate cells (109/L) 0.40 ± 0.08 0.28 ± 0.06

Neutrophilic granulocytes (109/L) 1.10 ± 0.15 0.72 ± 0.15

Red blood cells (1012/L) 8.51 ± 0.24 7.68 ± 0.35

Hemoglobin (g/L) 134 ± 3.1 122 ± 5.6

Hematocrit 0.36 ± 0.01 0.34 ± 0.01

Mean corpuscular volume (fL) 43.0 ± 0.82 44.4 ± 1.03

MCH (pg) 15.7 ± 0.31 15.9 ± 0.32

MCHC (g/L) 366 ± 3.8 361 ± 3.2

RDW (%) 16.0 ± 0.79 16.2 ± 0.67

Platelets (109/L) 534 ± 88.0 523 ± 36

Mean platelet volume (fL) 5.63 ± 0.07 5.60 ± 0.13

Thrombocytocrit 0.30 ± 0.05 0.29 ± 0.02

PDW (%) 37.4 ± 2.7 33.7 ± 4.2

No difference in any variable was detected (P [ 0.10) between the

glutamine and alanine groups (P [ 0.10). Maternal blood samples

were obtained from mice on day 17 of gestation

MCH mean corpuscular hemoglobin (the average mass of hemoglobin

per red blood cell), MCHC mean corpuscular hemoglobin concen-

tration (a measure of the concentration of hemoglobin in a given

volume of packed red blood cells), PDW platelet distribution width (a

measure of variation in platelet size), RDW red cell distribution width

(a measure of variation in red blood cell width), 1.0% Gln 1.0%

glutamine ? basal diet, 1.22% Ala 1.22% alanine ? basal diet
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Table 5 Effects of dietary glutamine supplementation on PCV2 virus loads in pregnant mice infected with PCV2 during pregnancy

Group Maternal serum Maternal lung Maternal spleen Fetus

1.0% Gln 0/6 0/6 0/6 0/6

1.22% Ala 4/6 (7.81 ± 1.97)* 5/6 (6.44 ± 1.45)* 0/6 1/6 (4.86 ± 0.00)

Mice were infected with PCV2 virus on Day 10 of gestation and then euthanized on day 17 of gestation to obtain maternal tissues and fetuses.

Data are the number of positive mice/the number of tested mice, with the values in parentheses being the log10 genomic copies of PCV2 per g

tissue

1.0% Gln 1.0% glutamine ? basal diet, 1.22% Ala 1.22% alanine ? basal diet

* P \ 0.01 vs the Ala group

Fig. 1 Histopathological features of the maternal lung, liver and

spleen (9100) in pregnant PCV2-infected mice fed a diet supple-

mented with 1.0% glutamine or 1.22% alanine (isonitrogenous

control). Milder interstitial pneumonia was evident in the maternal

lung in the glutamine group (a), compared with the control group (b).

Notably, pregnant mice in the glutamine group (c) exhibited less

lymphohistiocytic inflammation in the maternal liver compared with

the control group (d). Additionally, the glutamine group had less

severe lymphoid depletion (e) in the maternal spleen, compared with

the control group (f)
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A possible explanation for these observations is that dietary

supplementation with the functional amino acids can

enhance the responses of both the innate and adaptive

immune systems (Li et al. 2007) and, therefore, the ability

of the host to clear PCV2.

Like arginine (Blachier et al. 2011; Wu and Morris

1998), glutamine has vital and versatile functions, and is

considered as a conditionally essential amino acid for

swine (Wu et al. 2011a) and other mammals (Xi et al.

2011). Glutamine is a major energy substrate for lympho-

cytes, macrophages and other immune cells, and thus plays

an important role in immune function (Li et al. 2007). In

support of this notion, augmenting the amount of glutamine

in the diet increases the survival of mice challenged by

pathogenic bacteria (Suzuki et al. 1993), attenuates the

growth reduction of endotoxin-treated neonatal piglets

(Haynes et al. 2009), and reduces the growth of implanted

tumors in rats (Shewchuk et al. 1997). Furthermore, Inoue

et al. (1993) reported that only three of 38 glutamine-

supplemented rats died (a mortality rate of 8%), compared

with a mortality rate of 45% in the control group, in

response to Escherichia coli-induced peritonitis. Addi-

tionally, glutamine is used as a precursor of glutamate for

glutathione synthesis, extending the role of glutamine in

modulating intracellular redox status and antioxidative

responses (Wu et al. 2004). Oxidative stress is regarded as

a causative factor in pregnancy-related disorders, such as

embryonic resorption, recurrent pregnancy loss and fetal

death (Wu et al. 2006). Thus, dietary glutamine supple-

mentation can stimulate glutathione synthesis in animal

cells (Haynes et al. 2009) to protect the host from

inflammation and infection (Fang et al. 2002), thereby

decreasing the incidence of abortion and neonatal mortality

under diseased and stressful conditions.

To corroborate the data on pregnancy outcome with

immune responses, we determined serum cytokine profiles

and hematology in PCV2-infected mice. IL-1b is secreted

by many kinds of cells, such as monocytes, macrophages

(March et al. 1985). It enhances the function of T cells, B

cells, natural killer cells and neutrophils, promotes the

chemotaxis of monocytes, neutrophils and granulocytes to

the infected areas, and increases the synthesis of acute

phase proteins (Dinarello 1997). IL-6 also plays a very

complex role in biological events, including cell-mediated

immune responses, hematopoiesis, and regulation of

endocrine and nervous systems (Naugler and Karin 2008).

TNF-a is secreted by both macrophages and monocytes and

crucial for immune regulation, including enhancements of

lymphoid development, cell proliferation, and differentia-

tion, as well as the activity of immunocytes (Chen et al.

2005). Additionally, CRP plays a role in host defense

against bacterial pathogens, protection from lethal bacterial

infection and endotoxemia, activation of complement,

opsonization, and induction of phagocytosis (Szalai et al.

2000). In keeping with the clinical observations, concen-

trations of TNF-a and CRP were higher in the serum of the

glutamine-supplemented mice than in the control group

(Table 3).

Our finding that dietary glutamine supplementation

improves pregnancy outcome is PCV2-infected mice is

novel and important. Consistent with these data are several

previous reports. First, an increase in dietary glutamine

supply enhanced the ability of macrophages to produce

TNF-a, IL-1b and IL-6 (Wells et al. 1999). Second, the

production of TNF-a, IL-1 and IL-6 by cultured macro-

phages and monocytes was increased by elevated levels of

glutamine in the cell culture medium (Wallace and Keast

1992). In this study, dietary glutamine supplementation

decreased the concentration of IL-6 in the maternal serum

(Table 3). Similar results were observed in mice on the

fourth day after infection with Erysipelothrix rhusiopa-

thiae. A possible reason for the apparently different find-

ings between our and others’ studies is the experimental

design, namely cell culture vs whole-animal models.

Indeed, large amounts of data indicate that circulating

levels of IL-6 are elevated in PCV2-infected pigs exhibit-

ing the natural multi-systemic wasting syndrome or der-

matitis and nephropathy syndrome (Shi et al. 2010; Sipos

et al. 2005). Thus, a reduced level of IL-6 in serum may be

indicative of a reduced load of PCV2 in glutamine-sup-

plemented mice.

Of particular interest, we found that all the maternal

sera, spleens, lungs as well as the fetuses from the gluta-

mine group were negative for the PCV2 DNA, whereas the

PCV2 log10 genomic copies were relatively high in the

control group (Table 5). Furthermore, microscopic lesions

in the maternal spleen, liver and lung from the control

group were more severe than those in the glutamine group.

These results indicate that dietary L-glutamine supple-

mentation may increase the clearance of PCV2 from the

infected mice. The underlying mechanisms are unknown at

present and should be explored in future studies. Glutamine

and glutamate, along with proline, arginine and ornithine,

constitute the glutamate family of amino acids (Dai et al.

2011; Flynn and Wu 1996; Wu et al. 1996). These amino

acids play importance roles in the synthesis of nucleotides,

Table 6 Microscopic lesion scores of maternal tissues in pregnant

mice infected with PCV2

Tissue 1.0% Gln 1.22% Ala P value

Lung 1.40 ± 0.24 2.80 ± 0.20 \0.01

Liver 0.60 ± 0.40 1.80 ± 0.37 0.06

Spleen 1.40 ± 0.25 2.40 ± 0.24 0.02

1.0% Gln 1.0% glutamine ? basal diet, 1.22% Ala 1.22% ala-

nine ? basal diet
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glucose, amino sugars, glutathione, and protein, as well as

the growth of fibroblasts, lymphocytes and enterocytes, and

the function of immune system (Castell et al. 2004;

Wu et al. 1991). Generally, these amino acids have been

classified as nutritionally non-essential based on the tradi-

tional definition (Wu 2010), but they are now recognized to

be conditionally essential in pregnancy and neonatal

growth as well as under stressful conditions (e.g., weaning

and infection) (Wu et al. 2010a, 2011a, b). As noted above,

glutamine plays a key role in the host defense against

infections caused by bacteria, fungi, parasites, and virus

(Li et al. 2007; Wells et al. 1999; Yoo et al. 1997).

Additionally, a-ketoglutarate, a metabolite of glutamine

(Wu 2009), is now known to have immunomodulatory and

metabolic regulatory functions (Hou et al. 2010, 2011;

Mühling et al. 2010; Yao et al. 2011).

In conclusion, our results indicate that dietary glutamine

supplementation confers a positive effect on improving

pregnancy outcomes in PCV2-infected mice through

enhancing the immune response and the ability to clear

PCV2. Moreover, the glutamine treatment decreases

lesions in maternal tissues and increases neonatal survival.

Finally, glutamine supplementation during the lactation

period enhances the survival of neonates from mice

infected with PCV2 during gestation. These results support

the notion that gestating dams require adequate amounts of

dietary glutamine for the optimal survival and growth of

embryos, fetuses, and neonates. The findings have impor-

tant implications for nutritional support of mammals

(including swine and humans) during gestation and

lactation.
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