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Abstract Little is known about effects of dietary glutamine

supplementation on specific and general defense responses in

a vaccine-immunized animal model. Thus, this study deter-

mined roles for dietary glutamine supplementation in specific

and general defense responses in mice immunized with

inactivated Pasteurella multocida vaccine. The measured

variables included: (1) the production of pathogen-specific

antibodies; (2) mRNA levels for pro-inflammatory cytokines,

toll-like receptors and anti-oxidative factors; and (3) the dis-

tribution of P. multocida in tissues and the expression of its

major virulence factors in vivo. Dietary supplementation with

0.5 % glutamine had a better protective role than 1 or 2 %

glutamine against P. multocida infection in vaccine-

immunized mice, at least partly resulting from its effects in

modulation of general defense responses. Dietary glutamine

supplementation had little effects on the production of

P. multocida-specific antibodies. Compared to the non-sup-

plemented group, dietary supplementation with 0.5 % gluta-

mine had no effect on bacterial burden in vivo but decreased

the expression of major virulence factors in the spleen.

Collectively, supplementing 0.5 % glutamine to a conven-

tional diet provides benefits in vaccine-immunized mice by

enhancing general defense responses and decreasing expres-

sion of specific virulence factors.

Keywords Glutamine � Pasteurella multocida � Vaccine �
Virulence factors � Immune response

Abbreviations

CAT Catalase

CuZnSOD Superoxide dismutases

GPx-1 Glutathione peroxidase 1

Ig Immunoglobulin

IL Interleukin

TNF Tumor necrosis factor

NQ 1,4-Naphthoquinone

Introduction

The recent years have witnessed growing interest in the

immunology of functional amino acids, such as arginine

(Ren et al. 2012a, b, 2013i, 2014a, b), proline (Ren et al.

2013b, c), glutamine (Boutry et al. 2012; Ren et al. 2014b,

2013g), glycine (Wang et al. 2013), as well as tryptophan,

methionine and cysteine (Hou et al. 2012; Le Floc’h et al.

2011; Li et al. 2007). Available evidence shows that
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glutamine supplementation regulates defense responses in

immune-compromised host (Ren et al. 2013d, f, 2014b).

Effective defense responses, including both general and

specific immune responses, are critical for the clearance of

pathogens, as well as for protection against unwanted

responses (Ren et al. 2013h).

Glutamine actively participates in inter-organ metabolism

of nitrogen and carbon in mammals (Curthoys and Watford

1995), regulates cell signaling pathways and metabolism

(Chiu et al. 2012; Dai et al. 2013), and is a major energy

substrate for lymphocytes and macrophages (Wu et al. 1991a,

b, c). This amino acid is also capable of regulating gene

expression and cell signaling pathways in various cell types,

including immunocytes (Li et al. 2007). Results of recent

compelling studies have indicated that glutamine regulates the

general defense responses, including the production of cyto-

kines (Ren et al. 2013e), the function of immune cells (Yeh

et al. 2004; Lai et al. 2004), and the expression of innate

immune regulators, e.g., like toll-like receptors (Ren et al.

2013e) in various animal models. However, little is known

about effects of dietary glutamine on general or specific

defense responses in an animal model immunized with a

vaccine. We have reported that arginine or proline boosts

antibody production in vaccine-immunized mice (Ren et al.

2013i, b). These findings indicate that glutamine may affect

specific immune responses, such as clearance of pathogens

and the expression of major virulence factors in vivo (Ren

et al. 2013e). Thus, it is possible that glutamine plays an

important role in regulating antibody production in vaccine-

immunized hosts. However, direct evidence for supporting

this hypothesis is missing.

Therefore, this study was conducted to determine effects

of graded dosages of glutamine supplementation on general

and specific defense responses in mice pre-immunized with

inactivated P. multocida vaccine. Moreover, we analyzed the

burden of P. multocida, and expression of its major virulence

factors in control and glutamine-supplemented animals.

Materials and methods

Preparation of the bacterium and inactivated vaccine

The P. multocida serotype A (CQ2) strain used in the

present study was isolated from the lung tissue of clinically

infected cattle, which was dead with pneumonia. The

inactivated vaccine was prepared according to previous

studies (Ren et al. 2013c, i).

Experimental design

One hundred fifty female KM mice (body weight 18–22 g)

were obtained from Laboratory Animal Center of Third

Military Medical University, Chongqing, China. The mice

were housed in a pathogen-free mouse colony (temperature,

20–30 �C; relative humidity, 45–60 %; lighting cycle, 12 h/

day) and had free access to food and drinking water. Animals

were randomly divided into one of five groups (n = 30 per

group): (1) mice that received dietary supplementation with

0.5 % L-glutamine (Ajinomoto Inc., Tokyo, Japan) (basal

diet ? 0.5 % L-glutamine) from day 0 and immunized with

inactivated vaccines at a dosage of 4 9 108 CFU on days 8 and

13 (Vaccine-0.5 % Gln group); (2) mice that received dietary

supplementation with 1.0 % L-glutamine (basal diet ? 1.0 %

L-glutamine) from day 0 and immunized with inactivated

vaccines at a dosage of 4 9 108 CFU on days 8 and 13

(Vaccine-1.0 % Gln group); (3) mice that received dietary

supplementation with 2.0 % L-glutamine (basal diet ? 2.0 %

L-glutamine) from day 0 and immunized with inactivated

vaccines at a dosage of 4 9 108 CFU on days 8 and 13

(Vaccine-2.0 % Gln group); (4) mice that were immunized

with inactivated vaccines at a dosage of 4 9 108 CFU on days

8 and 13 (Vaccine group); (5) mice that received administra-

tion of the same volume of phosphate-buffered saline on days

8 and 13 (control group). The dosage and the time for gluta-

mine treatment were determined according our previous

studies (Ren et al. 2013a, f, 2014b). At day 18, all of the mice

were challenged by an intraperitoneal injection of P. multo-

cida serotype A (CQ2) at the dosage of 4.4 9 105 CFU

(2LD50). The content of glutamine and other amino acids in

the basal diet was measured and presented in previous papers

(Ren et al. 2012b, 2013d, f). The time and the dosage for

vaccine immunization, as well as the time and the dosage for

challenge with P. multocida, were chosen on the basis of

previous studies (Ren et al. 2013c, e, i). Ten mice in each group

were used to calculate survival rate. The others were killed to

collect the heart, liver, spleen, lung and kidney at 12 h post-

infection for bacterial counting and further molecular analysis.

Serum was obtained at 12 h post-infection for determination

of cytokine levels and antibody titers. This study was per-

formed according to the guidelines of the Laboratory Animal

Ethical Commission of the Southwest University.

Counting of bacteria

The number of viable bacteria in the heart, liver, spleen, lung

and kidney was measured by homogenizing tissues in saline,

plating serial dilutions on the Martin broth agar, and counting

CFU after 16 h of growth at 37 �C (Ren et al. 2013e).

Analysis of serum cytokines

Serum levels of tumor necrosis factor (TNF)-alpha were

measured using an ELISA kit in accordance with the

manufacturer’s instructions (Cusabio Biotech Company

Limited) (Ren et al. 2013i).
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Quantitative real-time RT-PCR

Total RNA was isolated from the liquid nitrogen–frozen

spleen using TRIZOL regents (Invitrogen, USA) and then

treated with DNase I (Invitrogen, USA) according to the

manufacturer’s instructions. Primers were designed with

Primer 5.0 according to the mouse gene sequence or synthe-

sized according to the previous reports. Primers were reported

in a previous study (Ren et al. 2013e) or are shown in Table 1.

Beta-actin was used as an internal control to normalize target

gene transcript levels. For determining the expression of vir-

ulence factors, the 16S rRNA was used as the reference gene

(Ren et al. 2013e). Real-time PCR was performed according

to our previous study (Ren et al. 2014a).

Analysis of antibodies

Enzyme-linked immunosorbent assays were used for the

detection of antibodies according to previous studies (Ren

et al. 2013c, h, i). Serum levels of IgG1 and IgG2a were

determined by IgG1 Isotyping Enzyme Immunometric

Assay (EIA) and IgG2a Isotyping EIA kits, respectively

(Innovating Concepts Laboratories, Inc. Mira Loma, CA).

Statistical analysis

All statistical analyses were performed using SPSS 17.0

software (SPSS, Inc.). Data are expressed as means with

their standard errors. Multiple comparisons were performed

using the one-way ANOVA (Wei et al. 2012). Survival rates

of mice were evaluated using Kaplan–Meier analysis. Dif-

ferences were considered significant at P \ 0.05.

Results

Survival rates

The survival rates were calculated every day after infection

with P. multocida serotype A. All mice were dead in the

control group within 3 days post-infection, whereas the

number of dead mice for the Vaccine, Vaccine-0.5 % Gln,

Vaccine-1.0 % Gln, and Vaccine-2.0 % Gln groups was 6, 4,

5 and 8, respectively. The survival rates of mice were ana-

lyzed by Kaplan–Meier analysis. As shown in Fig. 1, dietary

0.5 % glutamine supplementation conferred better protec-

tion on mice against infection than 1 or 2 % glutamine.

Bacterial burden

As shown in Fig. 2A, there was no difference in bacterial

burden in the lung among vaccine-immunized and control

Table 1 Primer used in this

study
Primer name Accession no. Primer seq (50–30) Product size Tm

CD28 NM_007642.4 F: TATCTACCACAAGCAGGGGC 96 60

R: CACTCAGGCTGCTGTTCTTG

CD80 XM_006521740.1 F: GGCAAGGCAGCAATACCTTA 94 60

R: CTCTTTGTGCTGCTGATTCG

CD86 NM_019388.3 F: TCTCCACGGAAACAGCATCT 100 60

R: CTTACGGAAGCACCCATGAT

IL-5 NM_010558.1 F: ATGGAGATTCCCATGAGCAC 265 60

R: GTCTCTCCTCGCCACACTTC

Beta-actin NC_000071.6 F:GTCCACCTTCCAGCAGATGT 117 60

R:GAAAGGGTGTAAAACGCAGC

Fig. 1 Survival rates in mice supplemented with or without gluta-

mine. Mice were immunized with inactivated Pasteurella multocida

vaccine and fed diets supplemented with 0.0 % glutamine (Vaccine

group), 0.5 % glutamine (vaccine-0.5 % Gln group), 1.0 % glutamine

(Vaccine-1.0 % Gln group), or 2.0 % glutamine (Vaccine-2.0 % Gln

group), or mice were immunized with PBS as the control group

(n = 10 per group). 1, Control; 2, Vaccine; 3, Vaccine-0.5 % Gln; 4,

Vaccine-1.0 % Gln; 5, Vaccine-2.0 % Gln
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groups. In the spleen, the bacterial burden in the vaccine-

immunized group was lower (P \ 0.05) than that in the

control group, while little difference was found among the

0.5, 1 and 2 % Gln groups (Fig. 2B). In the heart, bacterial

burden in the Vaccine and Vaccine-0.5 % Gln groups was

lower (P \ 0.01) than those in the Vaccine-1.0 % Gln,

Vaccine-2.0 % Gln, and control groups (Fig. 2C). In the

liver, vaccine immunization increased (P \ 0.01) bacterial

burden, as compared to the control group (Fig. 2D). In the

kidney, bacterial burden in the Vaccine-1.0 % Gln group

was higher (P \ 0.01) than that in the other groups, while

no difference was found among the Vaccine, Vaccine-

0.5 % Gln and control groups (Fig. 2E). Collectively,

dietary 0.5 % glutamine supplementation decreases the

bacterial burden compared to the higher dosage of gluta-

mine supplementation.

Serum antibody titres

Serum antibody titres against P. multocida serotype A were

measured after mice were challenged with P. multocida

serotype A. Although glutamine supplementation increased

(P \ 0.05) the OD value of antibody (Fig. 3A), there was no

difference in serum antibody titers among glutamine-supple-

mented and vaccine groups (Fig. 3B). Further analysis did not

reveal differences in serum levels of IgG1 and IgG2A among

glutamine-supplemented and vaccine groups (Fig. 3C).

However, vaccine immunization increased (P \ 0.05) serum

levels of IgG1, IgG2A, and antibody titers, compared to the

control group (Fig. 3). Given the observation that dietary

0.5 % glutamine supplementation had a better protective

effect and decreased bacterial burden, compared to higher

dosage of glutamine supplementation, the mRNA levels for
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Fig. 2 Bacterial burdens in

different tissues. A Bacterial

burden in the lung was

calculated from different groups

at 12 h post Pasteurella

multocida infection. B Bacterial

burden in the spleen.

C Bacterial burden in the heart.

D Bacterial burden in the liver.

E Bacterial burden in the

kidney. Mice were immunized

with inactivated Pasteurella

multocida vaccine and fed diets

supplemented with 0.0 %

glutamine (Vaccine group),

0.5 % glutamine (Vaccine-

0.5 % Gln group), 1.0 %

glutamine (Vaccine-1.0 % Gln

group), or 2.0 % glutamine

(Vaccine-2.0 % Gln group), or

mice were immunized with PBS

as the control group. Data are

mean ± SEM, n = 6, a–b mean

values sharing different

superscripts within each item

differ (P \ 0.05); A-C mean

values sharing different

superscripts within each item

differ (P \ 0.01)
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CD28, CD80, CD86, and interleukin (IL)-5, which play

important role in antibody production, were analyzed in the

spleen among the Vaccine, Vaccine-0.5 % Gln and control

groups. Glutamine supplementation increased (P \ 0.05) the

mRNA expression of CD28, but decreased (P \ 0.05) the

mRNA expression of CD86, compared to the vaccine group

(Fig. 4A, C). However, glutamine supplementation did not

affect the mRNA expression of CD80 and IL-5, compared

with those in the vaccine group (Fig. 4B, D). Collectively,

dietary glutamine supplementation did not influence the pro-

duction of pathogen-specific antibodies.

Pro-inflammatory cytokines

No difference was detected in the splenic mRNA levels for

pro-inflammatory cytokines, including IL-1 beta, IL-6,

IL-8 and TNF-alpha, between control and vaccine groups

(Fig. 5). Dietary glutamine supplementation decreased

(P \ 0.05) the mRNA expression of IL-6 and IL-8 in the

spleen, compared to the Vaccine group (Fig. 5B, C).

However, little difference was found in the expression of

IL-1 beta and TNF-alpha in the spleen between Vaccine

and Vaccine-0.5 % Gln groups (Fig. 5A, D). There were

no differences in serum levels of TNF-alpha between

Vaccine and Vaccine-0.5 %Gln group (data not shown).

Anti-oxidative parameters

As shown in Fig. 6, vaccine immunization affected the

mRNA expression of anti-oxidative factors in the spleen,

including catalase (CAT), superoxide dismutases (CuZn-

SOD), and NQ, compared to the control groups. Dietary

supplementation with 0.5 % glutamine decreased

(P \ 0.05) the mRNA expression of glutathione peroxidase

1 (GPx-1) and CuZnSOD in the spleen, while did not affect

the expression of CAT and NQ in the spleen, compared

with those in the vaccine group (Fig. 6).

Toll-like receptors

Like anti-oxidative factors, vaccine immunization affected

the mRNA expression of TLR-2, 4, 6, and 9 (Fig. 7). Com-

pared to the vaccine group, dietary supplementation with

0.5 % glutamine increased (P \ 0.05) the mRNA levels for

TLR-6, 8 and 9 in the spleen, but had little effects on others in

the spleen (Fig. 7).
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Fig. 3 Serum antibody levels.

A The OD value of serum

antibody in different groups.

B Serum antibody titers in

different groups. C Serum level

of IgG1. D Serum level of

IgG2A. Mice were immunized

with inactivated Pasteurella

multocida vaccine and fed diets

supplemented with 0.0 %

glutamine (Vaccine group),

0.5 % glutamine (Vaccine-

0.5 % Gln group), 1.0 %

glutamine (Vaccine-1.0 % Gln

group), or 2.0 % glutamine

(Vaccine-2.0 % Gln group), or

mice were immunized with PBS

as the control group. Data are

mean ± SEM, n = 6, a–c mean

values sharing different

superscripts within each item

differ (P \ 0.05)
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Fig. 4 mRNA expressions of

antibody promoters in different

groups. A mRNA expressions of

CD28 in the spleen. B mRNA

expressions of CD80 in the

spleen. C mRNA expressions of

CD86 in the spleen. D mRNA

expressions of IL-5 in the

spleen. Mice were immunized

with inactivated Pasteurella

multocida vaccine and fed diets

supplemented with 0.0 %

glutamine (Vaccine group),

0.5 % glutamine (Vaccine-

0.5 % Gln group), or mice were

immunized with PBS as the

control group. Data are

mean ± SEM, n = 6, a–c mean

values sharing different

superscripts within each item

differ (P \ 0.05)
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Fig. 5 mRNA expressions of

pro-inflammatory cytokines in

different groups. A mRNA

expressions of IL-1 beta in the

spleen. B mRNA expressions of

IL-6 in the spleen. C mRNA

expressions of IL-8 in the

spleen. D mRNA expressions of

TNF-alpha in the spleen. Mice

were immunized with

inactivated Pasteurella

multocida vaccine and fed diets

supplemented with 0.0 %

glutamine (Vaccine group),

0.5 % glutamine (Vaccine-

0.5 % Gln group), or mice were

immunized with PBS as the

control group. Data are

mean ± SEM, n = 6, a–b mean

values sharing different

superscripts within each item

differ (P \ 0.05)
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Virulence factors

As shown in Fig. 8, vaccine promoted (P \ 0.05) the mRNA

expression of virulence factors in the spleen, including

ompA, omph, pm0442 and pfhB2, compared to the control

group. Compared to the vaccine group, dietary supplemen-

tation with 0.5 % glutamine decreased (P \ 0.05) mRNA

levels for omph, plpE, pfhB2 and hasR, and did not affect the

mRNA levels of other virulence factors (Fig. 8).

Discussion

Glutamine is the most abundant amino acid in the plasma

of humans and many other animals (Wu et al. 2013a). The

role of this amino acid in immune responses has received

much attention over the past 25 years (Wu et al. 1991d,

1992; Wu 2013b). In this study, a lower dosage of sup-

plemental glutamine (0.5 %) has better protection against

P. multocida serotype A than higher dosages of glutamine

supplementation (1 and 2 %). The possible reason is a

higher dosage of glutamine supplementation increases the

bacterial burden of P. multocida and the expression of its

virulence factors in mice (Ren et al. 2013e), while affecting

the function of organism through excessive production of

ammonia (Rezaei et al. 2013; Wu et al. 2014). Indeed, in

the current study, we have observed a higher burden of

bacteria in the heart, liver and kidney after dietary sup-

plementation with 1 or 2 % Gln, compared to 0.5 % glu-

tamine supplementation. Because dietary supplementation

with 0.5 % glutamine can protect mice from P. multocida,

the mechanism whereby glutamine confers this benefit was

investigated. Thus, we measured variables, including spe-

cific defense responses (e.g., antibody production) and

general defense responses (e.g., bacterial burden, innate

immunity, anti-oxidative response and the expression of

virulence factors). We used the spleen for analysis because

it is a major site for defense responses in most mammals,

including mice, pigs, and humans (Bronte and Pittet 2013).

Similar to a finding of our previous study (Ren et al.

2013e), dietary supplementation with 0.5 % glutamine

does not affect bacterial burden in the lung, spleen, heart,

liver and kidney of mice. Pathogen-specific antibodies in

the serum are useful indicators of specific immune defenses

and provide the host with protection against the pathogen

(Dorner and Radbruch 2007). In this work, different dos-

ages of glutamine supplementation have little effects on the

serum titers of P. multocida-specific antibodies or on the

serum levels of IgG1 and IgG2A. The data on the mRNA

levels for some positive regulators, including CD28, B7

and IL-5, in the spleen also support this conclusion.

Although previous investigations have reported that glu-

tamine supplementation increases the levels of serum IgG

and IgA (Zhong et al. 2012; Zhou et al. 2012), these
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Fig. 6 mRNA expressions of

anti-oxidative factors in

different groups. A mRNA

expressions of GPx-1 in the

spleen. B mRNA expressions of

CAT in the spleen. C mRNA

expressions of CuZnSOD in the

spleen. D mRNA expressions of

NQ in the spleen. Mice were

immunized with inactivated

Pasteurella multocida vaccine

and fed diets supplemented with

0.0 % glutamine (Vaccine

group), 0.5 % glutamine

(Vaccine-0.5 % Gln group), or

mice were immunized with PBS

as the control group. Data are

mean ± SEM, n = 6, a–b mean

values sharing different

superscripts within each item

differ (P \ 0.05)
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antibodies participate in general, rather than pathogen-spe-

cific, defense responses. In support of this view, we have

observed that glutamine supplementation increases the pro-

duction and transportation of secretory IgA by the small

intestine (our unpublished data). Thus, like L-arginine (Ren

et al. 2013i) and L-proline (Ren et al. 2013c; Wu et al.

2011a), glutamine exerts an important role in the function of

the small intestine. It is noteworthy that these amino acids

are inter-convertible in most mammals, including mice, pigs

and humans (Wu et al. 2004, 2009; Wu 2009; Xi et al.

2011). Arginine, glutamine and proline may have separate

and synergic effects on the immune system. Thus, effects of

these and other amino acids on immune responses can be an

objective indicator of their dietary requirements by animals

(Hou et al. 2013; Wu et al. 2013b).

Results from the analysis of mRNA levels for pro-

inflammatory cytokines and TLRs in the spleen indicate

that glutamine supplementation affects the general defense

response in vaccine-immunized mice. This is surprising

because glutamine has been reported to enhance general

immune responses in animals, including pigs (Wu et al.

2013c), mice (Ren et al. 2013a), and cows (Caroprese et al.
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Fig. 7 mRNA expressions of

TLRs in different groups.

A mRNA expressions of TLR-2

in the spleen. B mRNA

expressions of TLR-4 in the

spleen. C mRNA expressions of

TLR-5 in the spleen. D mRNA

expressions of TLR-6 in the

spleen. E mRNA expressions of

TLR-7 in the spleen. F mRNA

expressions of TLR-8 in the

spleen. G mRNA expressions of

TLR-9 in the spleen. Mice were

immunized with inactivated

Pasteurella multocida vaccine

and fed diets supplemented with

0.0 % glutamine (Vaccine

group), 0.5 % glutamine

(Vaccine-0.5 % Gln group), or

mice were immunized with PBS

as the control group. Data are

mean ± SEM, n = 6, a–c mean

values sharing different

superscripts within each item

differ (P \ 0.05)
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2013). Of note, mRNA levels for GPx-1 and CuZnSOD

were lower in the spleen of glutamine-supplemented mice,

compared to the control group. This result suggests a

reduction in oxidative stress in response to glutamine

supplementation. Similarly, numerous well-designed

investigations have consistently indicated that glutamine

increases anti-oxidative capacity in mice (Ren et al. 2014b;

Cruzat et al. 2014), rats (Xu et al. 2014), pigs (Wu et al.

2011b, 2013c; Wang et al. 2008), and sheep (Sawant et al.

2014; Washburn et al. 2013). Furthermore, we found that

dietary supplementation with 0.5 % glutamine decreased

the expression of virulence factors of P. multocida, as we

previously reported (Ren et al. 2013e). However, the

underlying mechanisms are largely unknown and need to

be elucidated in future studies. It would be of interest to

determine whether glutamine modulates the expression of

virulence factors in animals challenged with pathogens

other than P. multocida, because the virulence factor is the

main mediator of infection and disease (Guttman and

Finlay 2008, 2009).
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Fig. 8 mRNA expressions of

virulence factors of Pasteurella

multocida in different groups.

A mRNA expressions of ompA

in the spleen. B mRNA

expressions of ompH in the

spleen. C mRNA expressions of

pm0442 in the spleen. D mRNA

expressions of pm0979 in the

spleen. E mRNA expressions of

plpE in the spleen. F mRNA

expressions of pfhB2 in the

spleen. G mRNA expressions of

hasR in the spleen. Mice were

immunized with inactivated

Pasteurella multocida vaccine

and fed diets supplemented with

0.0 % glutamine (Vaccine

group), 0.5 % glutamine

(Vaccine-0.5 % Gln group), or

mice were immunized with

PBS as the control group. Data

are mean ± SEM, n = 6,

a–b mean values sharing

different superscripts within

each item differ (P \ 0.05)
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In conclusion, dietary supplementation with 0.5 % glu-

tamine has beneficial effects on the protection against

P. multocida infection in mice pre-immunized with the

inactivated P. multocida vaccine. This role of glutamine may

result from the moderation of general defense responses and

the expression of virulence factors of P. multocida. How-

ever, glutamine supplementation has little effects on the

pathogen-specific defense response. To our knowledge, this

is the first study to explore the effects of glutamine supple-

mentation on specific and general defense responses in

vaccine-immunized mice. Our results help to understand the

physiological and immunological roles of glutamine as a

truly functional amino acid in animal and human nutrition.
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