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Abstract

Streptococcus mutans is the primary agent of dental caries, which is often detected in transient 

bacteremia. Lactoferrin is a multifunctional glycoprotein showing antibacterial activities against 

several Streptococcus species. We reported here the prophylactic effect of human lactoferrin (hLF) 

in a lactoferrin knockout mouse (LFKO−/−) bacteremic model. The hLF treatment significantly 

cleared S. mutans from the blood and organs of bacteremic mice when compared to the non-hLF 

treated mice. Further, analysis of serum cytokines, spleen and liver cytokine mRNA levels 

revealed that hLF prophylaxis modulates their release differently when compared to the non-hLF 

treated group. C-reactive protein level (P=0.003) also decreased following hLF prophylaxis in S. 

mutans induced bacteremic mice. Additional quantitative RT-PCR analysis revealed that hLF 

prophylaxis significantly decreased the expression level of IFN-γ, TNF-α, IL-1β, IL-6, MPO and 

iNOS in spleen and liver. These results suggested that the hLF protects the host against S. mutans-

induced experimental bacteremia.
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1. Introduction

Streptococcus mutans, causative agent of dental caries, has also been isolated from the blood 

of patients with bacteremia [1, 2], infective endocarditis [3–5] and sepsis following tooth 

extraction [4]. Studies suggest that periodontal probing, tooth brushing and poor oral 

hygiene are the most common ways of introducing oral pathogens into the bloodstream, 

which increases the risk of bacteremia and systemic diseases [6, 7]. Lactoferrin (LF) 

constitutes an important component of the innate immune system and has a significant 

immunomodulatory effect on humans. The major ability of LF is to induce the innate 

immune mediator cells that subsequently impact the adaptive immune cell functions. Also, 

the affinity of LF towards iron is considered as a main component of non-specific host 
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defense system against numerous pathogens [8–10]. High level of plasma LF concentration 

has been suggested to be a predictive indicator of sepsis-related morbidity and mortality 

[11]. LF also modulates the differentiation of leukocytes of the innate immune system, by 

increasing natural killer (NK) cell activity [12, 13]. The degranulation of neutrophils in 

response to an inflammatory signal introduces LF into an environment that is populated with 

a mix of both innate leukocytes and adaptive immune cells (T-cells and B-cells). The LF 

receptors for different immune cells confirm the potential for LF to function as a modulator 

of both the innate and adaptive immune system [14–16]. LF exhibit bacteriostatic and 

bactericidal effects in addition to controlling systemic inflammation [8]. Studies have shown 

that LF has direct bactericidal effect against S. mutans [17, 18]. However, none of these 

studies looked at the bactericidal effect of LF in blood. We have recently demonstrated the 

importance of the host LF against the Gram-negative periodontal pathogen, Aggregatibacter 

actinomycetemcomitans [19]. Subsequently, we have also reported the effect of human 

lactoferrin (hLF) against A. actinomycetemcomitans-induced experimental bacteremia [10]. 

Prophylactic treatment of hLF against Gram-positive bacteria S. mutans-induced bacteremia 

however, has not been studied to date. Therefore knowledge about the significance of hLF is 

a prerequisite. Furthermore, this study will provide information on the importance of hLF 

prophylaxis on antibacterial and immunomodulatory effects during such bacteremic 

conditions.

2. Materials and Methods

2.1. Mice

Experimental groups comprised of 7–8 week-old male LFKO−/− mice, a generous gift from 

Dr. Orla Conneely, (Department of Molecular and Cellular Biology, Baylor College of 

Medicine, Houston, TX, USA) [20]. Mice colonies were bred and maintained in the 

transgenic animal facility of Rutgers School of Dental Medicine, Newark, New Jersey, 

USA. The experimental protocol was approved by the campus Institutional Animal Care and 

Use Committee (IACUC) of Rutgers School of Dental Medicine, Newark, NJ, USA.

2.2. Bacterial strain and tail vein injections

S. mutans-VSK1, a spontaneous streptomycin resistant serotype c strain was isolated from a 

plaque sample routinely grown in brain heart infusion broth (BHI) or on mitis salivarius agar 

(MSA) plates (BD & company, Sparks, MD, USA) as reported earlier [21]. PCR 

amplification of a 727 bp with the following primers SCF 5′-

CGGAGTGCTTTTTACAAGTGCTGG-3′, and SCR 5′-

AACCACGGCCAGCAAACCCTTTAT-3′ confirmed serotype c specific strain as reported 

earlier [22]. Cells that were grown in BHI broth for 12 h was centrifuged and resuspended to 

1×107 colony forming unit (CFU) per 0.1 ml of phosphate-buffered saline (PBS) and it was 

intravenously (i.v) injected into the tail vein as reported earlier [23]. The recovered S. 

mutans after i.v. injection from blood and organ samples was plated on MSA agar plates 

supplemented with streptomycin (50 μg/ml). The recovered streptomycin resistant colonies 

were confirmed by PCR [5]. The hLF (100 μg/g body wt) for the prophylactic treatment was 

prepared as reported earlier [10].
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2.3. Experimental design

Experimental groups included; 1) sham infected control mice i.v. injected with PBS 

(LFKO−/−C), 2) mice i.v. injected with hLF (LFKO−/−+hLF), 3) mice i.v. injected with S. 

mutans (LFKO−/−I) and 4) mice i.v. injected with hLF followed by S. mutans i.v. injection 2 

h later (LFKO−/−I+hLF). All injection volumes were adjusted to 100 μl. Mice (n=5–8) were 

euthanized at 6, 12, 48 and 96 h following injection of either S. mutans or hLF or both. The 

recovered S. mutans were expressed in CFU/ml or CFU/g tissue in three independent 

experiments and the data were statistically analyzed using one-way ANOVA as described 

earlier [10].

2.4. Determination of the viable bacterial levels

To determine the S. mutans clearance upon hLF prophylaxis, samples of blood, brain, heart, 

kidney, liver, lungs, and spleen were aseptically harvested and processed after each time 

point. Blood samples were serially diluted and plated on the MSA plates supplemented with 

streptomycin (50 μg/ml). The organs were placed in 1 ml of PBS in 50-ml Kendall tissue 

homogenizer (Tyco Healthcare Group, Mansfield, MA). Following homogenization of the 

tissues, serially diluted tissue samples were plated on MSA plates. Colonies enumerated 

after 48 h were expressed as CFU/ml (blood) and CFU/mg (tissue weight). In total, three 

independent experiments representing three biological replicates were performed.

2.5. Blood sample analysis

The serum inflammatory cytokines and C-reactive protein (CRP) levels were quantified 

using multiplex ELISA kit (Millipore Corporation, Billerica, MA, USA). The differential 

leukocyte blood cell count and enzyme-linked immunosorbent assay (ELISA) were 

performed as reported earlier [10].

2.6. Quantitative RT-PCR

The Total RNA was extracted from spleen and liver tissue using an RNeasy Mini Kit. DNA 

contamination in the samples was removed by on-column DNase I digestion (Qiagen Inc, 

Valencia, CA, USA). The relative gene expression of proinflammatory cytokines, inducible 

nitric oxide synthase (iNOS) and myeloperoxidase (MPO) was performed as reported earlier 

[10]. Results are presented as the mean±SEM of the duplicate experiments of three 

independent samples. The data was analyzed by one-way analysis of variance (ANOVA).

2. 7. Effect of hLF treatment in spleen during bacteremic conditions

Mice (n=5–8) were euthanized at different time points and the intact spleen was collected 

from each group and weighed. The spleen size variation between the groups was 

photographed using a dissection microscope (Olympus SZ61, Tokyo, Japan). For 

histological analysis, aseptically collected spleen from 96 h time point was fixed with 4 % 

paraformaldehyde for 48 h. The tissue samples were then processed and stained with 

hematoxylin and eosin as described earlier [10]. Tissue sections were observed under 

Olympus light microscope at 1000× magnification.
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2. 8. Statistical analysis

Significance of differences between the groups was calculated using Student’s t test, 

ANOVA and post hoc Tukey’ HST test between the groups with the JMP software SAS 9.1. 

P values of less than 0.05 were considered statistically significant. Continuous variables 

were compared by pairwise t test for two independent samples. Bonferroni correction was 

used to protect against multiple comparison. Correlation analysis of two variables was 

carried out with the JMP software SAS 9.1 (SAS, Cary, NC).

3. Results

3.1. In vivo effect of hLF against S. mutans bacteremia

To demonstrate the prophylactic effect of hLF against S. mutans-induced experimental 

bacteremia, blood and various organs were collected from experimental groups at different 

time points. The results revealed that hLF treated mice exhibited low levels of S. mutans 

CFU compared to the non-hLF treated infected group of mice. Analysis of the bacterial 

clearance data revealed that the LFKO−/−I+hLF mice showed complete clearance at 48 h 

(P=0.04) while a significantly higher bacterial burden was observed in the LFKO−/−I mice. 

There was also a significant clearance of S. mutans found at 48 h in LFKO−/−I+hLF mice’ 

different organ tissues including brain (P=0.03), heart (P=0.003), liver (P=0.02), spleen 

(P=0.004) and kidney (P=0.006) when compared to LFKO−/−I mice (Fig. 1).

3.2. Bioavailability of serum hLF concentration

To analyze the residual hLF in serum, samples were subjected to ELISA. Estimation of hLF 

in the serum samples indicated that there was a significant decrease (0.58 μg/ml) (P=0.01) in 

hLF concentration observed at 96 h in LFKO−/−I+hLF group compared to LFKO−/−C+hLF 

mice (4.47 μg/ml; P=0.01) (Fig. 1).

3.3. Immunomodulatory effect of hLF during S. mutans bacteremia

To evaluate the immunomodulatory effect of hLF during prophylactic treatment against S. 

mutans-induced experimental bacteremia, the serum samples collected at 48 h post infection 

were subjected to multiplex ELISA analysis. S. mutans bacteremia in LFKO−/−I mice 

significantly increased the levels of serum IFN-γ (P=0.007), TNF-α (P=0.008), IL-1β 

(P=0.03) and IL-6 (P=0.001) but there was no increase in the levels of IL-10 and IL-12p70 

at 48 h when compared to LFKO−/−C (Table 1). Assessment of cytokine levels in hLF 

prophylactic treatment group (LFKO−/−I+hLF) revealed that the levels of IFN-γ (P=0.002) 

and TNF-α (P=0.03) were significantly decreased when compared to those in the non-hLF 

treated infected group (LFKO−/−I). There was a significant increase in IL-6 (P=0.01) level 

in the LFKO−/−I+hLF mice compared to the LFKO−/−I mice. Evaluation of serum CRP 

release also shows that the levels were significantly decreased (P=0.007) in LFKO−/−I+hLF 

mice compared to LFKO−/−I mice (Table 1).

As a result of S. mutans inflammation, there was a significant increase in splenic weight 

from 6 h to 96 h. Maximum weight increase was observed at 96 h in LFKO−/−I mice 

(412.7±42.6 mg) compared to LFKO−/−C mice (82.4±1.21 mg) (Fig. 2 panel 1). At this time 

point, in LFKO−/−I+hLF mice, the splenic weight was significantly decreased to 101.4±5.1 
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mg (P=0.001) (Fig. 2A–D). The histopathological analysis also suggested an increased in 

inflammatory cells migration in LFKO−/−I mice, whereas it was decreased in LFKO−/−I

+hLF mice (Fig. 2E–H). This was also supported by a significant reduction in the mRNA 

levels of IFN-γ (P=0.002), TNF-α (P=0.03), IL-1β (P=0.001) and IL-6 (P=0.001) when 

compared to non-hLF treated infected mice (LFKO−/−I) (Table 2). In liver, the expression 

levels of proinflammatory cytokine expression levels of IFN-γ (P=0.01), TNF-α (P=0.02), 

IL-1β (P=0.01) and IL-6 (P=0.001) were also significantly decreased (Table 2). Analysis of 

mRNA expression levels of acute phase reactions such as iNOS (P=0.01) and MPO 

(P=0.002) in spleen tissue revealed that S. mutans infection caused a significant increase in 

these levels. Concomitantly, there was a 2.5 and a 4.9-fold decrease in iNOS and MPO 

expression levels respectively in hLF treated infected mice (LFKO−/−I+hLF) when 

compared to non-hLF treated infected mice (LFKO−/−I). The liver iNOS (P=0.004) and 

MPO (P=0.01) expression levels also showed a significant decrease compared to non-hLF 

treated mice (Table 2). There was a significant increase in the neutrophil count (P=0.03) in 

hLF treated and infected mice (LFKO−/−I+hLF) compared to sham-infected mice 

(LFKO−/−C). However, there was no difference seen in the cell counts of monocytes, 

eosinophils and basophils among the groups (Table 3).

4. Discussion

The antibacterial activity of LF has been widely documented both in vitro and in vivo on 

Gram-positive and Gram-negative bacteria [24]. LF’s bacteriostatic function is due to its 

ability to take up the Fe3+ ion, limiting the use of this nutrient by bacteria at the infection 

site and inhibiting the growth of these microorganisms as well as the expression of their 

virulence factors. LF’s bactericidal function has been attributed to its direct interaction with 

bacterial surfaces [24]. The mechanism of action against Gram-positive bacteria is based on 

binding due to its net positive charge that binds to anionic molecules on the bacterial 

surface, resulting in a reduction of negative charge on the cell wall and thus favoring contact 

between lysozyme and the underlying peptidoglycans over which it exerts an enzymatic 

effect [25, 26]. It has been reported that the virulence factors of S. mutans such as glucan-

binding protein C and cell surface protein antigen PAc contributes to systemic infection [27, 

28]. Streptococci are the most abundant inhabitants of the human mouth and they gain 

frequent access to the bloodstream through periodontal lesions [29]. It has also been 

reported that the dental extraction without prophylaxis leads to S. mutans bacteremia and IE 

[30]. Clinical studies have also shown that the S. mutans DNA is present in blood samples 

[31]. Due to this invasive nature of intruding pathogen into the bloodstream, a rapid increase 

in serum LF levels and reduced the circulating iron levels has been reported to protect the 

host system [32]. The present study shows that the antibacterial effects achieved by injecting 

a single dose of hLF as prophylaxis greatly reduced bacteremia as evidenced by reduced S. 

mutans CFUs in blood and all other organs. There have been many reports on antibacterial 

effect of LF in support of the present results [33–36]. We also found a corroboration of the 

presence of residual hLF in blood and bacterial clearance.

In addition to the primary killing mechanism of hLF against S. mutans, it plays a critical role 

in suppressing bacteremia induced cytokine levels. It has been reported that TNF-α, IL-1β 

and keratinocyte chemoattractant (a functional homologue of human IL-8) cytokines are the 

Velusamy et al. Page 5

Microbes Infect. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



distinctive biomarkers for fatal bacteremic conditions [33]. It has also been reported that S. 

mutans is capable of inducing TNF-α and IL-1β pathways [37]. The LFKO−/− mice with 

hLF supplementation decreased the expression of such cytokines suggestive of 

immunomodulatory role of LF. This could be due to multiple components involved in the 

differential regulation of cellular immune responses in this study. It could be also due to a 

generalized deactivation of the monocytes and macrophages as manifested by the significant 

suppression of both pro- and anti-inflammatory mediators of inflammation. This was 

supported by an in vitro study that LF can down-regulate TNF-α production [38]. Studies 

have shown that S. mutans induces high titers of inflammatory cytokines and chemokines 

[39–41]. Cell-free supernatant fluids of Streptococci have also shown to induce 

proinflammatory cytokines [42, 43]. Alternatively, in the present study, the decrease in S. 

mutans colony counts may simply result from the direct interaction of hLF leading to 

dissociation of bacterial membrane integrity [38]. This is also supported by a time dependent 

decrease in the residual hLF in the blood of LFKO−/−C+hLF or LFKO−/−I+hLF mice. 

Therefore, we hypothesize that the clearance of S. mutans from the blood and organs might 

be the cumulative effect of hLF by inducing host defense system as well as by direct killing 

effect. Thus, the anti-inflammatory capacity of hLF in our model could be due to the down 

regulation of inflammatory cytokines. The LFKO−/− mouse model is an appropriate model 

for studying the effect of hLF, which is not yet completely explored. This could explain the 

essential role of endogenous LF in the system for host protection as well as 

immunomodulatory properties.
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Fig. 1. The prophylactic antibacterial activity of hLF against S. mutans-induced bacteremia in 
LFKO−/− mice
Experimental groups (n=5–8) were i.v. injected hLF and S. mutans to induce bacteremia. 

The number of bacteria from blood and different organs are expressed as ±SEM mean 

CFU/ml blood or CFU/g of tissue-wet weight, respectively. The hLF bioavailability was 

assessed by ELISA in duplicate experiments for each mouse. Asterisks indicate statistical 

significance (P<0.05) of differences between the groups (◆-S. mutans alone i.v. injected; ■-

hLF prophylactic treatment), as calculated by the ANOVA. The data shown are from the 

mean of triplicate experiments (±SEM).
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Fig. 2. Prophylactic effect of hLF against S. mutans bacteremia in the spleen samples of 
LFKO−/− mice
Panel 1. Changes in the splenic weight during S. mutans bacteremia and hLF prophylaxis. 

The spleen of different treatment groups were harvested from 6–96 h post infection and 

weighed. Data shown are the ±SEM of 5–8 mice spleen weight.

Panel 2. Differences in the splenic size during S. mutans bacteremia and hLF treatment.

Panel 3. Histopathological analysis of hematoxylin and eosin stained spleen section during 

S. mutans bacteremic conditions treated with hLF. The infiltrations of the increased 

inflammatory cells are shown in the arrow mark. A–E) LFKO−/−C, B–F) LFKO−/−+hLF, C–

G) LFKO−/−I and D–H) LFKO−/−I+hLF mice.
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