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Abstract
The objective of this investigation was to evaluate whether intravaginal infusion of a lactic

acid bacteria (LAB) cocktail around parturition could influence the immune response, inci-

dence rate of uterine infections, and the overall health status of periparturient dairy cows.

One hundred pregnant Holstein dairy cows were assigned to 1 of the 3 experimental groups

as follows: 1) one dose of LAB on wk -2 and -1, and one dose of carrier (sterile skim milk) on

wk +1 relative to the expected day of parturition (TRT1); 2) one dose of LAB on wk -2, -1,

and +1 (TRT2), and 3) one dose of carrier on wk -2, -1, and +1 (CTR). The LAB were a ly-

ophilized culture mixture composed of Lactobacillus sakei FUA3089, Pediococcus acidilac-
tici FUA3138, and Pediococcus acidilactici FUA3140 with a cell count of 108-109 cfu/dose.

Blood samples and vaginal mucus were collected once a week from wk -2 to +3 and ana-

lyzed for content of serum total immunoglobulin G (IgG), lipopolysaccharide-binding protein

(LBP), serum amyloid A (SAA), haptoglobin (Hp), tumor necrosis factor (TNF), interleukin

(IL)-1, IL-6, and vaginal mucus secretory IgA (sIgA). Clinical observations including rectal

temperature, vaginal discharges, retained placenta, displaced abomasum, and laminitis

were monitored from wk -2 to +8 relative to calving. Results showed that intravaginal LAB

lowered the incidence of metritis and total uterine infections. Intravaginal LAB also were as-

sociated with lower concentrations of systemic LBP, an overall tendency for lower SAA, and

greater vaginal mucus sIgA. No differences were observed for serum concentrations of Hp,

TNF, IL-1, IL-6 and total IgG among the treatment groups. Administration with LAB had no

effect on the incidence rates of other transition cow diseases. Overall intravaginal LAB low-

ered uterine infections and improved local and systemic immune responses in the treated

transition dairy cows.
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Introduction
Dairy cows undergo an immunosuppressive state around parturition associated with impaired
leukocyte functions [1,2]. Several investigators have reported that although the phagocytic ac-
tivity of neutrophils remains high, their bactericidal capacity is weakened, especially after par-
turition [3–5]. In addition, concentrations of IgG and IgM in the blood reach the lowest
concentrations at calving [2]. Moreover, there is lower IgG content in the uterine secretions
suggesting a decrease in the local bactericidal activity [6].

The state of immunosuppression in transition cows is associated with high incidence of bac-
terial infections especially of the uterus (metritis) and mammary gland, rendering cows more
vulnerable to periparturient diseases. Almost 40% of periparturient dairy cows are affected by
clinical metritis during the first 3 wk after calving and another 15–20% by endometritis more
than 3 wk after parturition [7]. Uterine infections predispose dairy cows to impaired reproduc-
tive performance and are the number one reason for culling of cows in Canadian dairy herds
[8]. Infection of the uterus is accompanied by systemic fluctuations of inflammatory cytokines
like tumor necrosis factor (TNF), interleukin (IL)-1, IL-6, and acute phase proteins (APP) such
as lipopolysaccharide-binding protein (LBP), serum amyloid A (SAA), and haptoglobin (Hp)
[9–11]. Currently there is no efficient treatment for uterine infections. Although various thera-
pies have been used in the past involving antibiotics, iodine solutions, and hormone treat-
ments, for different reasons, they have not been successful enough to be widely embraced by
veterinary clinicians [12–14].

On the other hand, a new line of research is growing with the use of probiotic agents as an
alternative to antimicrobial compounds. Probiotics are live microorganisms, which confer a
health benefit to the host when administered in adequate amounts (World Health Organiza-
tion/Food and Agricultural Organization, 2001). They have demonstrated the ability to en-
hance immune functions such as increasing the number of immune cells and modulating
expression of cytokines or antibody production in the host [15–17]. Research conducted in
human subjects has indicated that probiotics administered in the vagina have been able to
lower the incidence of vaginal infections in women [18,19]. However, there is a lack of research
in dairy cattle regarding the utilization of probiotics to lower the incidence of uterine infections
and improve reproductive performance. In a recent study, we reported that cows treated intra-
vaginally with 2 prepartum and 4 postpartum doses (on a weekly basis) of a mixture of 3 lactic
acid bacteria (LAB), isolated from the vaginal tract of healthy pregnant cows, had lower inci-
dence of purulent vaginal discharges and lower concentration of serum Hp than the control an-
imals [20]. In this study, we hypothesized that a lower number of treatments with LAB might
confer the same results on uterine health and immune status of transition dairy cows. There-
fore, the objectives of this study were to test whether lowering the treatment frequency of intra-
vaginal administration of LAB to 2–3 doses around calving will enhance local and systemic
immune responses and lower the incidence of uterine infections and potentially other peripar-
turient diseases of transition dairy cows.

Materials and Methods

Ethics Statement
All experimental procedures were approved by the University of Alberta Animal Care and Use
Committee for Livestock (Animal use protocol AUP#120), and cows were cared for in accor-
dance with the guidelines of the Canadian Council on Animal Care (1993).
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Animals and Experimental Design
One hundred pregnant Holstein cows were allocated (based on parity, body condition score,
and milk yield) to 1 of the 3 experimental groups to receive intravaginal LAB or carrier (sterile
skim milk) during the transition period as following: treatment 1 (TRT1)- 2 consecutive LAB
doses (on a weekly basis) starting at 2 wk before the expected day of parturition and 1 carrier
dose the week after parturition; treatment 2 (TRT2)- 3 consecutive LAB doses (2 doses during
the 2 wk before the expected day of parturition and 1 dose the week after parturition); control
(CTR)- 3 consecutive carrier doses around parturition starting at 2 wk before the expected day
of parturition up to 1 wk after calving. The LAB were composed of Lactobacillus sakei
FUA3089, Pediococcus acidilactici FUA3138 and FUA3140, which were stored in sterile skim
milk with a cell count of 108–109 cfu/dose. Both probiotics and carrier were lyophilized and
stored at -86°C in vials, and each vial was reconstituted in 1 mL sterile 0.9% saline before ad-
ministration. The LAB or carrier were infused into the vaginal tract gently with individually
wrapped sterile drilled infusion tubes (Continental Plastic Corp., Delavan, WI) capped with a
5-mL sterile screw tip syringe (Becton, Dickinson and Company, Franklin Lakes, NJ), and de-
posited at cranial vagina. All the procedures were maintained aseptic during administration.

Clinical Observations and Measurements
All cows were monitored clinically from -2 wk before the expected day of parturition and up to
+8 wk after parturition. Rectal temperature was measured twice a week and fever was declared
when it was greater than 39.5°C. Retained placenta was declared if a cow did not expel the pla-
centa within 24 hours after parturition. A Sonosite (MicroMaxx, SonoSite, Inc., Bothell, Wash-
ington) ultrasound fitted with a 7.5 MHz probe was used on +2, +3, +5, and +7 wk to assess the
uterine size and intrauterine fluid. Uterine infections were categorized into different classes. A
metritic case was diagnosed if the cow had reddish brown vaginal discharge with fetid odor, to-
gether with fever and an abnormally large uterus and decreased feed intake and milk produc-
tion within 3 wk after parturition. If a cow still had purulent or mucopurulent exudate in the
vagina more than 3 wk after parturition, in the absence of systemic illness, she was declared
having clinical endometritis. A cow with accumulated purulent materials in the uterine lumen
in the presence of a persistent corpus luteum was declared having pyometra [21]. Both clinical
endometris and pyometra was monitored until wk +7 postpartum. Total uterine infections
were defined as the sum of metritis, clinical endometrtis, and pyometra. Displaced abomasum
was diagnosed by a veterinary practitioner based on both clinical signs and the history of the
animal. A displaced abomasum was declared by combining the diagnosis result and the veteri-
nary visit records and treatment records of the barn. Lameness was recorded if a cow stood or
walked in an abnormal gait, such as reluctance to bear weight on a hoof, or a noticeable limp
with uneven steps, especially when she was observed to have a reddish, swollen, hot foot and
retracted her foot when touched on the wall of corium. Then the diagnosis of laminitis was
conducted by a skilled veterinary practitioner by checking if the corium was swollen or bleed-
ing and also if pulses in the lower limb arteries were prominent. The diagnosed result was then
combined with the veterinary visit records and treatment records of the barn to declare a case
of laminitis. Subclinical mastitis was declared if somatic cell count (SCC) in milk was more
than 200,000 cells/mL [22,23].

Sampling and Laboratory Analyses
Blood samples were collected from the coccygeal vein once a week in the morning before feed-
ing with 10-mL vacutainer tubes without anticoagulant (BD Vacutainer Systems, Plymouth,
UK) from -2 to +3 wk around calving. Blood samples were centrifuged at 2,090 x g and 4°C for
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20 min to separate the serum (Beckman Coulter, Pasadena, California). Serum samples were
stored at -20°C until analysis. Vaginal mucus was sampled using individually wrapped sterile
drilled infusion tubes (Continental Plastic Corp., Delavan, WI) capped with a 5-mL sterile
screw tip syringe (Becton, Dickinson and Company, Franklin Lakes, NJ), and then gently
flushed into a sterile tube with 1 mL 0.9% saline. All serum and mucus samples were run in du-
plicate for the lab analyses. Both the inter-assay and the intra-assay coefficients of variation
were less than 10%.

Concentrations of lipopolysaccharide binding protein (LBP) in the serum were measured
with a commercial sandwich ELISA kit for bovine LBP (Hycult Biotech, Uden, Noord-Brabant,
The Netherlands) according to the manufacturer’s instructions. Serum samples were diluted
1:100; then, samples and standards were loaded and incubated to allow LBP to be captured by
bovine monoclonal antibodies coated on the plate. After washing, detection antibodies labeled
with biotin and horseradish peroxidase (HRP) labeled with streptavidin were loaded to bind
the captured LBP. A washing followed each loading. The fixed HRP catalyzed a chromogenic
reaction with the subtract 3,3’,5,5’-tetramethylbenzidine (TMB). After adding the stop solu-
tion, the plate was read at 450 nm on a microplate spectrophotometer (Spectramax 190, Molec-
ular Devices Corporation, Sunnyvale, CA) within 10 min. The optical density (OD) values
were positively correlated with the concentrations of LBP in the sample. The detection range of
LBP is between 1.6 and 100 ng/mL. The OD values of samples were within the range of
standard curve.

Concentrations of serum amyloid A (SAA) in the serum were measured with a commercial
sandwich bovine ELISA kit (Tridelta Development Ltd., Maynooth County Kildare, Ireland) as
per manufacturer’s instructions. Serum amyloid A in the samples was captured by both the
anti-SAA monoclonal antibodies immobilized on the plate and free anti-SAA monoclonal anti-
bodies labeled with HRP, which catalyzed a chromogenic reaction. The chroma of this enzy-
matic reaction was proportional to the concentration of SAA in the sample. All serum samples
were diluted 1:500 before the assay and the OD values were read on a microplate spectropho-
tometer (Spectramax 190, Molecular devices Corporation, Sunnyvale, CA) at 450 nm within 10
min after adding the stop solution. The OD values of all diluted samples were within the range
of standard curve. According to the manufacturer, the analytical sensitivity of the assay for bo-
vine is 1.5 μg/mL.

Concentrations of haptoglobin (Hp) in the serum were measured with a commercially avail-
able kit (Tridelta Development Ltd., Maynooth, County Kildare, Ireland). The assay principle
is that the free hemoglobin exhibits peroxidase activity, which is inhibited at a low pH. Hapto-
globin binds to hemoglobin and preserves its peroxidase activity at a low pH. The preserved
peroxidase activity of hemoglobin is proportional to the amount of Hp in the sample. The OD
values of this chromogenic enzymatic reaction were read on a microplate spectrophotometer
(Spectramax 190, Molecular devices Corporation, Sunnyvale, CA) at 600 nm 5 min after add-
ing the last reagent. According to the manufacturer, the analytical sensitivity is 0.005 mg/ml.

Concentrations of TNF in the serum were measured with a bovine sandwich ELISA kit
(Bethyl Laboratories Inc., Montgomery, TX). Briefly, TNF present in samples and standards is
captured by bovine monoclonal antibodies coated on the plate. Then, the captured TNF binds
to detection antibodies labeled with HRP. The addition of substrate TMB triggers a chromo-
genic enzymatic reaction catalyzed by HRP. The color is positively correlated with the concen-
tration of TNF in the sample. The OD values were read at 450 nm with a spectrophotometer
(Spectramax 190, Molecular Devices Corporation, Sunnyvale, CA) within 10 min after adding
the stop solution. The detection range of TNF is between 0.078 and 5 ng/mL.

Concentrations of interleukin 1 (IL-1) in the serum were measured with a competitive inhi-
bition bovine ELISA kit (Cusabio Biotech Co., Ltd, Wuhan, Hubei, China). Interleukin-1 in the
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serum samples and standards competed with biotin-conjugated IL-1 to bind IL-1 antibodies
coated on the plate. The greater the amount of IL-1 in the sample, the less antibodies bound by
biotin-conjugated IL-1. Then, the biotin conjugates avidin is combined with HRP, which cata-
lyzes a chromogenic reaction. The chroma of the color develops in opposite to the amount of
IL-1 in the sample. The OD values were measured at 450 nm with a spectrophotometer (Spec-
tramax 190, Molecular Devices Corporation, Sunnyvale, CA) within 10 min after adding the
stop solution. No significant cross-reactivity or interference was observed. According to the
manufacturer, the minimum detectable dose of bovine IL-1 is less than 250 pg/mL.

Concentrations of IL-6 in the serum were measured with a sandwich ELISA kit for bovine
IL-6 (Uscn Life Science Inc., Wuhan, Hubei, China). The principle of the assay is similar with
that of TNF. The assay was done with original serum samples without dilution and the concen-
trations of all samples were within the range of the standard curve. This assay has high sensitiv-
ity and specificity for detection of bovine IL-6. According to the manufacturer, the minimum
detectable amount of bovine IL-6 is less than 3.3 pg/mL.

Concentrations of total IgG in the serum were measured with bovine IgG (total) ELISA kits
(Alpha Diagnostic International Inc., San Antonio, TX). The principle of the assay is similar
with that of IL-1. Serum samples were originally diluted 1:100,000 by three dilutions before the
assay. The OD values of this chromogenic enzymatic reaction were read on a microplate spec-
trophotometer (Spectramax 190, Molecular Devices Corporation, Sunnyvale, CA) at 450 nm
within 30 min after adding the stop solution. According to the manufacturer, the sensitivity of
this assay is 5 ng/ml and has less than 1% cross-reactivity with serum IgG from other animals.

The concentrations of secretory immunoglobulin A (sIgA) in the vaginal mucus were mea-
sured with competitive inhibition bovine ELISA kits (Cusabio Biotech Co., Ltd, Wuhan, Hubei,
China). The principle of the assay is similar with that of IL-1. Mucus samples were vortexed
and centrifuged at 2,090 x g for 20 min (Beckman Coulter, Pasadena, California), and then the
supernatant was collected and diluted 1:100 before the assay. According to the manufacturer,
the minimum detectable dose of bovine sIgA is less than 2.4 μg/mL. No significant cross-over
or interference between bovine sIgA and analogues was observed.

Statistical Analyses
Data of rectal temperature and serum variables, including concentrations of LBP, SAA, Hp,
TNF, IL-1, IL-6, and total IgG, as well as the concentration of sIgA in the vaginal mucus were
analyzed using SAS 9.2 software (SAS Institute Inc., Cary, NC). MIXED procedure with repeat-
ed measurement was used to test the model as following: Yijk = μ + Ti + Wj + (TW)ij +eijk,
where μ = the overall population mean; Ti = the effect of treatment; Wj = the effect of week;
(TW)ij = the interaction between treatment and week; and eijk = residual error. The covariance
structure for each variable was modeled separately according to the smallest values of the fit
statistics based on the Bayesian information criteria.

Binary data of diseases were analyzed using procedure FREQ with Fisher’s Exact Test to test
the effect of treatment. Significance was declared at P< 0.05, and tendency at 0.05� P< 0.10.

Results

Effect of Intravaginal LAB Treatment on Uterine Infections and Other
Periparturient Diseases
The results of clinical observation of periparturient diseases are presented in Table 1. Data
showed that LAB treated cows had lower incidence rate of metritis compared with those in the
CTR group (P< 0.01). TRT1 and TRT2 lowered the incidence rate of metritis by 22%
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(P< 0.05) and 32% (P< 0.01), compared with the CTR group, respectively. Although there
were no differences in terms of the incidence of clinical endometritis and pyometra, LAB-
treated cows had a lower incidence of total uterine infections composed of metritis, clinical en-
dometritis, and pyometra, compared with the CTR cows (P = 0.01). Both TRT1 and TRT2 had
a numerically lower incidence of retained placenta than CTR cows (3% in TRT1, 6% in TRT2,
and 13% in CTR cows). During our experimental period, no cases of displaced abomasum
were diagnosed out of 66 LAB-treated cows, but 2 out of 32 cows (6%) in the CTR group. How-
ever, this difference did not reach a significant level. There was no difference in the incidence
rate of subclinical mastitis indicated by a SCC greater than 200,000 cells/mL. No difference was
observed also regarding the incidence rates of laminitis among the treatment groups.

Overall there was an increase of approximately 0.3°C in the rectal temperature of dairy cows
after calving compared with pre-calving (P< 0.01, Fig 1). However, the rectal temperature was
not affected by the treatment and or the interaction between treatment and week.

Vaginal Immune Responses to Intravaginal LAB Treatment
Concentrations of sIgA in the vaginal mucus were affected by LAB treatment (P< 0.01), week
(P< 0.01), and the interaction between treatment and week (P< 0.01, Fig 2). At wk 0, cows in
both TRT1 and TRT2 had greater concentrations of sIgA than cows in the CTR group, but no
difference between TRT1 and TRT2 was evidenced. At wk +1, TRT1 had greater concentra-
tions of sIgA than both TRT2 and CTR (P< 0.01), whereas cows in the TRT2 had greater sIgA
in the vaginal mucus compared to those in the CTR group (P< 0.01). At wk +2, TRT1 had
greater concentrations of sIgA than both the TRT2 and CTR groups (P< 0.01). However, no
differences were detected among treatment groups at wk -1 and +3.

Systemic Immune Responses to Intravaginal LAB Treatment
Concentrations of LBP in the serum varied with both treatment (P< 0.05) and week (P< 0.01,
Fig 3). Also, there was an interaction between treatment and week (P< 0.05). At wk 0, TRT1
had lower (3.8 ± 0.8 vs. 8.7 ± 1.3 μg/mL, P< 0.01), and TRT2 tended to have lower (5.9 ± 0.8
vs. 8.7 ± 1.3 μg/mL, P = 0.08) concentrations of LBP in the serum compared with the CTR
cows. At wk +2, cows in both TRT1 and TRT2 had lower concentrations of LBP relative to

Table 1. Effect of LAB on periparturient diseases of transition dairy cows.

TRT11 TRT22 CTR3 P

Metritis, % (case/total) 15 (5/34)b 6 (2/32)b 38 (12/32)a 0.007

Clinical endometritis, % (case/total) 6 (2/34) 9 (3/32) 13 (4/32) 0.62

Pyometra, % (case/total) 3 (1/34) 6 (2/32) 3 (1/32) 0.84

Total uterine infections, % (case/total)4 24 (8/34)b 22 (7/32)b 53 (17/32)a 0.01

Retained placenta, % (case/total) 3 (1/34) 6 (2/32) 13 (4/32) 0.29

Displaced abomasum, % (case/total) 0 (0/34) 0 (0/32) 6 (2/32) 0.33

Subclinical mastitis, % (case/total)5 40 (8/20) 50 (10/20) 55 (11/20) 0.90

Laminitis, % (case/total) 9 (3/34) 9 (3/32) 6 (2/32) 1.00

1 TRT1: two prepartum doses of LAB.
2 TRT2: two prepartum doses plus one postpartum dose of LAB.
3 CTR: carrier only.
4 Total uterine infections comprised metritis, clinical endometritis and pyometra.
5 Subclinical mastitis was declared when somatic cell count in milk was greater than 200,000/mL within five weeks after parturition.
a-bNumbers within a row with different superscript letters are different at P < 0.05.

doi:10.1371/journal.pone.0124167.t001
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Fig 1. Effect of treatment on the rectal temperature of dairy cows. TRT = effect of treatment;
Week = effect of week; TRT *Week = effect of the interaction between treatment and week. TRT1: □, two
prepartum doses of LAB, n1 = 34; TRT2: �, two prepartum doses plus one postpartum dose of LAB, n2 = 32;
CTR:♦, carrier only, n3 = 32. LSM ± SEM.

doi:10.1371/journal.pone.0124167.g001

Fig 2. Effect of treatment on the concentration of sIgA in the vaginal mucus. sIgA: secretory
immunoglobulin A. TRT = effect of treatment; Week = effect of week; TRT *Week = effect of the interaction
between treatment and week. TRT1: □, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one
postpartum dose of LAB; CTR: ♦, carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g002
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those in the CTR group (2.1 ± 0.9, 5.8 ± 0.8, and 9.2 ± 1.4 μg/mL in TRT1, TRT2, and CTR, re-
spectively, P< 0.05).

Concentrations of SAA in the serum tended to differ among the treatment groups (P = 0.07,
Fig 4). Week also had an impact on SAA (P< 0.01). Moreover treatment tended to interact
with week (P = 0.07). At wk 0, cows in the TRT1 tended to have lower concentrations of SAA
in the serum compared to those in the CTR group (20.1 ± 3.3 vs. 31.4 ± 5.0 μg/mL, P = 0.06).
No difference was detected among treatment groups at other weeks. Serum SAA declined at
wk -1, followed by an increase from wk 0 to wk +2, and then dropped to a level comparable to
wk -1 (P< 0.01).

Concentrations of Hp in the serum fluctuated with week (P< 0.01), but not among the
treatment groups or the interaction between week and treatment (Fig 5). Concentrations of Hp
in the serum were 182 ± 64 μg/mL, 279 ± 52 μg/mL, and 317 ± 67 μg/mL in TRT1, TRT2, and
CTR groups, respectively, (P> 0.05).

Concentrations of TNF in the serum showed a difference with the factor week (P< 0.05)
but not with the treatment (Fig 6). Concentrations of TNF were 200 ± 64 pg/mL in TRT1,
123 ± 60 pg/mL in TRT2, and 153 ± 84 pg/mL in the CTR group (P> 0.05). Concentrations of
IL-1 in the serum did not exhibit differences among the treatment groups, but varied with
week (P< 0.01, Fig 7). There also was an interaction between treatment and week (P< 0.01).
No differences among treatment groups or in relation with week were observed regarding the
concentration of IL-6 in the serum (Fig 8). Overall, concentrations of IL-6 in the serum were
23 ± 9.6 pg/mL in TRT1, 22 ± 9.9 pg/mL in TRT2, and 18 ± 11.4 pg/mL in CTR (P> 0.05).

Concentrations of total IgG in the serum did not show differences among treatment
groups, but varied with week (P< 0.01, Fig 9). No significant effect with regards to interaction
between treatment and week was observed. The concentrations of IgG were 24 ± 0.9 mg/mL,

Fig 3. Effect of treatment on the concentration of LBP in the serum. LBP: lipopolysaccharide binding
protein. TRT = effect of treatment; Week = effect of week; TRT *Week = effect of the interaction between
treatment and week. TRT1: □, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one
postpartum dose of LAB; CTR: ♦, carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g003
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Fig 4. Effect of treatment on the concentration of SAA in the serum. SAA: serum amyloid A; TRT = effect
of treatment; Week = effect of week; TRT *Week = effect of the interaction between treatment and week.
TRT1: □, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one postpartum dose of LAB;
CTR: ♦, carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g004

Fig 5. Effect of treatment on the concentration of Hp in the serum.Hp: haptoglobin; TRT = effect of
treatment; Week = effect of week; TRT *Week = effect of the interaction between treatment and week. TRT1:
□, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one postpartum dose of LAB; CTR: ♦,
carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g005
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Fig 6. Effect of treatment on the concentration of TNF in the serum. TNF: tumor necrosis factor-α;
TRT = effect of treatment; Week = effect of week; TRT *Week = effect of the interaction between treatment
and week. TRT1: □, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one postpartum dose of
LAB; CTR: ♦, carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g006

Fig 7. Effect of treatment on the concentration of IL-1 in the serum. IL-1: interleukin-1; TRT = effect of
treatment; Week = effect of week; TRT *Week = effect of the interaction between treatment and week. TRT1:
□, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one postpartum dose of LAB; CTR: ♦,
carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g007
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Fig 8. Effect of treatment on the concentration of IL-6 in the serum. IL-6: interleukin-6; TRT = effect of
treatment; Week = effect of week; TRT *Week = effect of the interaction between treatment and week. TRT1:
□, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one postpartum dose of LAB; CTR: ♦,
carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g008

Fig 9. Effect of treatment on the concentration of total IgG in the serum. IgG: immunoglobulin G.
TRT = effect of treatment; Week = effect of week; TRT *Week = effect of the interaction between treatment
and week. TRT1: □, two prepartum doses of LAB; TRT2: �, two prepartum doses plus one postpartum dose of
LAB; CTR: ♦, carrier only. LSM ± SEM, n = 10 in each group.

doi:10.1371/journal.pone.0124167.g009
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24 ± 1.1 mg/mL, and 23 ± 0.9 mg/mL in TRT1, TRT2, and CTR, respectively. Concentrations
of IgG in the serum decreased slightly at wk -1, and then gradually increased after calving
(P< 0.01).

Discussion
This study was conducted to test the hypothesis that intravaginal administration of LAB
around calving can lower the incidence of uterine infections, modulate local and systemic im-
mune responses, and improve the overall health of transition dairy cows. Indeed data showed
that cows treated with LAB had lower incidence rates of metritis and total uterine infections
and improved systemic and local innate immune responses. However, intravaginally supple-
mented LAB, at the dose and frequency used in this study, had no effect on the incidence of
other periparturient diseases.

One of the most important finding of this study was that the incidence of metritis and total
uterine infections were lowered by administration of LAB in the treated cows. Of note, in this
study the uterine size was measured by both rectal palpation and ultrasonic imaging. Ultrason-
ic imaging also was used to monitor the intrauterine fluid and the exudate in the vaginal tract.
In addition, rectal temperature and vaginal discharges were taken and observed twice a week to
assist diagnosis of uterine infections until 7-wk postpartum. The lower incidence rates of metri-
tis and total uterine infections obtained in this study confirmed our previous finding that intra-
vaginal LAB lowers purulent vaginal discharges in the treated cows [20]. Lactobacillus spp.,
such as L. rhamnosus GG, L. rhamnosus GR-1, L. fermentum RC-14, and L. acidophilus are
well-known for their ability to maintain and restore a normal vaginal microflora and therefore
have been used to prevent and treat urogenital infections in women [24–26]. Other than the
oral route, Lactobacillus spp. has been administered directly in the vagina attenuating or treat-
ing symptoms of vaginal infections [27,28]. The results of this study imply that intravaginal ad-
ministration of LAB confers a health benefit to the reproductive tract against bacterial
infections of dairy cows.

Another important finding of this study was that infusion of LAB in the vaginal tract of
cows increased concentrations of sIgA in the vaginal mucus. Secretory IgA is recognized as the
most important mucosal immunoglobulin of mucosal tissues. The mechanism by which LAB
increased sIgA is not fully understood; however, there are reports demonstrating that commen-
sal bacteria can stimulate the production of sIgA with the involvement of local epithelial cells
and dendritic cells (DCs) [29]. A great proportion of sIgA in the vaginal mucus originates from
local production and not from plasma [30]. The LAB infused in the vagina of the treated cows
in our experiment are commensal bacteria identified and isolated from healthy vaginal tracts of
cows at our dairy farm as previously described by Wang et al. (2013) [31] and Ametaj et al.
(2014) [20]. Usually the host recognizes pathogen-associated molecular patterns (PAMP) like
LPS, lipoproteins, peptidoglycans, other polysaccharides, and repetitive protein structures
from pathogenic bacteria as ‘danger signals’ and responds by various immune mechanisms in-
cluding production of specific sIgA [32]. The major function of sIgA is to control the adhesion
and uptake of mucosal organisms including commensal bacteria. Therefore, the increased se-
cretion of sIgA in the vaginal mucus induced by administration of LAB can be regarded as
strengthening of barrier functions in the vagina. An interesting feature of sIgA is that they are
non-inflammatory because they prevent bacterial invasion and colonization by forming im-
mune aggregation and have no complement-activating capability [33,34]. In addition, Boullier
et al. (2009) found that sIgA was able to dampen the inflammation at mucosal tissues [33]. The
LAB-treated cows had greater concentrations of sIgA in the vaginal tract on wk 0 (immediately
after calving), +1 and +2. This was probably due to the invasion of massive pathogenic bacteria
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into the reproductive tract during this period, as Kaila et al. (1992) found that Lactobacillus
could promote the development of sIgA specific-antibody producing cells and therefore en-
hance the secretion of local sIgA in the presence of pathogenic bacteria [35].

Another important finding of this study was that concentrations of LBP in the serum were
lowered by intravaginal administration of LAB. One of the main functions of LBP is to facilitate
the transfer of LPS to macrophages or lipoproteins so that it could be cleared from the systemic
circulation [36,37]. Lipopolysaccharide binding protein is a positive APP elevated in case of in-
flammatory conditions in ruminants [38]. Bacterial infections of the uterus are commonly
present in the postpartum dairy cows, which are associated with histological lesions and in-
flammation of the uterine tissue [21]. In the first week postpartum, the inflammation is usually
confined within the uterus. However, if the local immune responses are not able to resolve the
infection, which is usually the case, bacterial endotoxins and locally produced inflammatory cy-
tokines are absorbed into the blood circulation [39–41], triggering systemic inflammatory re-
sponses as indicated by elevated concentrations of APP and cytokines in the blood [9,42]. The
reason for lower concentrations of LBP might be related to the beneficial effects of LAB on im-
proving mucosal immunity of the reproductive tract and lowering of the amount of LPS enter-
ing the systemic circulation, hence lessened systemic inflammation.

Meanwhile, concentrations of serum SAA tended to be lower in LAB treated cows; however,
the difference did not reach significance. It is important to note that concentrations of SAA in
the serum of LAB-treated cows were lower compared to CTR cows on wk 0 (week of parturi-
tion). Serum amyloid A is another APP produced by hepatocytes which can increase up to
1000-fold in the blood within hours following infections [43]. Meanwhile, it is also an apolipo-
protein associated with high-density lipoproteins (HDL). High-density lipoproteins exhibit a
high binding ability to LPS due to their elevated phospholipid content [44]. Therefore, in the
presence of LPS, SAA-containing HDL binds to LPS forming a complex, and then removing it
from circulation and disposing it in tissues that express lipoprotein receptor, mainly in the
liver [45–47]. Consequently, LPS is removed from hepatocytes through excretion into the bile
[48]. The tendency for a lower concentration of SAA in the serum of treated cows is another
evidence of a lessened systemic inflammation in the LAB-treated cows.

Haptoglobin is another acute phase protein known for its binding to hemoglobin and pre-
venting iron utilization by bacteria. Although Hp is considered a sensitive APP for bacterial in-
fections of the uterus in ruminants [20,38], the concentrations of Hp in the serum were not
different between the LAB treated groups and the CTR group. No differences were detected
among treatment groups in terms of concentrations of TNF, IL-1, and IL-6 in the serum of
cows. Concentrations of total IgG in the serum also were not affected by the LAB treatment in
this study. Moreover, administration of LAB in the vaginal tract of transition cows did not
have an effect on the incidence rates of other periparturient diseases like retained placenta, dis-
placed abomasum, subclinical mastitis, and laminitis.

Conclusions
The results of this study indicated that intravaginal administration of LAB lowered the inci-
dence of uterine diseases in the treated cows and altered their mucosal and systemic immune
responses. Lowered incidence rates of metritis and total uterine infections of postpartum dairy
cows were associated with enhanced sIgA production in the vaginal mucus. Cows administered
intravaginally with LAB had lower systemic inflammation as denoted by lower concentrations
of LBP and a tendency of lower SAA in the serum of the treated cows. It can be concluded that
intravaginal administration of LAB holds the potential to improve immune status and lower
the risk of uterine infections of transition dairy cows.

Lactic Acid Bacteria Lower Uterine Infections of Dairy Cows

PLOSONE | DOI:10.1371/journal.pone.0124167 April 28, 2015 13 / 16



Acknowledgments
We acknowledge Drs. Michael G. Gänzle and Yvonne Wang for preparation of LAB cocktail
for this study. We also are grateful to the technical staff of the Dairy Research and Technology
Centre, University of Alberta for their help and care to the cows.

Author Contributions
Conceived and designed the experiments: BNA. Performed the experiments: QD JFO UF TL
SMD. Analyzed the data: QD JFO. Contributed reagents/materials/analysis tools: BNA QD
JFO UF TL SMD. Wrote the paper: QD BNA.

References
1. Burton JL, Madsen SA, Yao J, Sipkovsky SS, Coussens PM. An immunogenomics approach to under-

standing periparturient immunosuppression and mastitis susceptibility in dairy cows. Acta Vet Scand.
2001; 42: 407–424. PMID: 11887400

2. Herr M, Bostedt H, Failing K. IgG and IgM levels in dairy cows during the periparturient period. Therio-
genology. 2011; 75: 377–385. doi: 10.1016/j.theriogenology.2010.09.009 PMID: 21040961

3. Hammon DS, Evjen IM, Dhiman TR, Goff JP, Walters JL. Neutrophil function and energy status in Hol-
stein cows with uterine health disorders. Vet Immunol Immunopathol. 2006; 113: 21–29. PMID:
16740320

4. Mateus L, da Costa LL, Bernardo F, Silva JR. Influence of puerperal uterine infection on uterine involu-
tion and postpartum ovarian activity in dairy cows. Reprod Domest Anim. 2002; 37: 31–35. PMID:
11882243

5. Zerbe H, Schuberth HJ, Hoedemaker M, Grunert E, Leibold W. A newmodel system for endometritis:
Basic concepts and characterization of phenotypic and functional properties of bovine uterine neutro-
phils. Theriogenology. 1996; 46: 1339–1356.

6. Hussain AM. Bovine uterine defense mechanisms: a review. Zentralbl Veterinarmed B. 1989; 36:
641–651. PMID: 2692349

7. Sheldon IM, Cronin J, Goetze L, Donofrio G, Schuberth HJ. Defining postpartum uterine disease and
the mechanisms of infection and immunity in the female reproductive tract in cattle. Biol Reprod. 2009;
81: 1025–1032. doi: 10.1095/biolreprod.109.077370 PMID: 19439727

8. Government of Canada. Culling and replacement rates of dairy herds in Canada. 2013. Available:
http://www.dairyinfo.gc.ca/pdf/genetics-cull_e.pdf.

9. Chan JP, Chang CC, HsuWL, Liu WB, Chen TH. Association of increased serum acute-phase protein
concentrations with reproductive performance in dairy cows with postpartum metritis. Vet Clin Pathol.
2010; 39: 72–78. doi: 10.1111/j.1939-165X.2009.00182.x PMID: 19747184

10. Kim IH, Na KJ, Yang MP. Immune responses during the peripartum period in dairy cows with postpar-
tum endometritis. J Reprod Dev. 2005; 51: 757–764. PMID: 16210780

11. Zeng R, Bequette BJ, Vinyard BT, Bannerman DD. Determination of milk and blood concentrations of li-
popolysaccharide-binding protein in cows with naturally acquired subclinical and clinical mastitis. J
Dairy Sci. 2009; 92: 980–989. doi: 10.3168/jds.2008-1636 PMID: 19233791

12. Azawi OI. Postpartum uterine infection in cattle. Anim Reprod Sci. 2008; 105: 187–208. doi: 10.1016/j.
anireprosci.2008.01.010 PMID: 18280065

13. Burton NR, Lean IJ. Investigation by meta-analysis of the effect of prostaglandin F2 alpha administered
post partum on the reproductive performance of dairy cattle. Vet Rec. 1995; 136: 90–94. PMID:
7740723

14. Lewis GS. Uterine health and disorders. J Dairy Sci. 1997; 80: 984–994. PMID: 9178140

15. Cross ML. Microbes versus microbes: immune signals generated by probiotic lactobacilli and their role
in protection against microbial pathogens. FEMS Immunol Med Microbiol. 2002; 34: 245–253. PMID:
12443824

16. Galdeano CM, Perdigon G. The probiotic bacterium Lactobacillus casei induces activation of the gut
mucosal immune system through innate immunity. Clin Vaccine Immunol. 2006; 13: 219–226. PMID:
16467329

17. Madsen K. Probiotics and the immune response. J Clin Gastroenterol. 2006; 40: 232–234. PMID:
16633128

Lactic Acid Bacteria Lower Uterine Infections of Dairy Cows

PLOSONE | DOI:10.1371/journal.pone.0124167 April 28, 2015 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/11887400
http://dx.doi.org/10.1016/j.theriogenology.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/21040961
http://www.ncbi.nlm.nih.gov/pubmed/16740320
http://www.ncbi.nlm.nih.gov/pubmed/11882243
http://www.ncbi.nlm.nih.gov/pubmed/2692349
http://dx.doi.org/10.1095/biolreprod.109.077370
http://www.ncbi.nlm.nih.gov/pubmed/19439727
http://www.dairyinfo.gc.ca/pdf/genetics-cull_e.pdf
http://dx.doi.org/10.1111/j.1939-165X.2009.00182.x
http://www.ncbi.nlm.nih.gov/pubmed/19747184
http://www.ncbi.nlm.nih.gov/pubmed/16210780
http://dx.doi.org/10.3168/jds.2008-1636
http://www.ncbi.nlm.nih.gov/pubmed/19233791
http://dx.doi.org/10.1016/j.anireprosci.2008.01.010
http://dx.doi.org/10.1016/j.anireprosci.2008.01.010
http://www.ncbi.nlm.nih.gov/pubmed/18280065
http://www.ncbi.nlm.nih.gov/pubmed/7740723
http://www.ncbi.nlm.nih.gov/pubmed/9178140
http://www.ncbi.nlm.nih.gov/pubmed/12443824
http://www.ncbi.nlm.nih.gov/pubmed/16467329
http://www.ncbi.nlm.nih.gov/pubmed/16633128


18. Falagas ME, Betsi GI, Tokas T, Athanasiou S. Probiotics for prevention of recurrent urinary tract infec-
tions in women: a review of the evidence frommicrobiological and clinical studies. Drugs. 2006; 66:
1253–1261. PMID: 16827601

19. Reid G, Bruce AW. Urogenital infections in women: can probiotics help? Postgrad Med J. 2003; 79:
428–432. PMID: 12954951

20. Ametaj BN, Iqbal S, Selami F, Odhiambo JF, Wang Y, Gänzle MG, et al. Intravaginal administration of
lactic acid bacteria modulated the incidence of purulent vaginal discharges, plasma haptoglobin con-
centrations, and milk production in dairy cows. Res Vet Sci. 2014; 96: 365–370. doi: 10.1016/j.rvsc.
2014.02.007 PMID: 24612560

21. Sheldon IM, Lewis GS, LeBlanc S, Gilbert RO. Defining postpartum uterine disease in cattle. Therio-
genology. 2006; 65: 1516–1530. PMID: 16226305

22. Schukken YH, Wilson DJ, Welcome F, Garrison-Tikofsky L, Gonzalez RN. Monitoring udder health and
milk quality using somatic cell counts. Vet Res. 2003; 34: 579–596. PMID: 14556696

23. Sharma N, Singh NK, Bhadwal MS. Relationship of Somatic Cell Count and Mastitis: An Overview.
Asian-Aust J Anim Sci. 2011; 24: 429–438.

24. Gardiner GE, Heinemann C, Bruce AW, Beuerman D, Reid G. Persistence of Lactobacillus fermentum
RC-14 and Lactobacillus rhamnosusGR-1 but not L-rhamnosusGG in the human vagina as demon-
strated by randomly amplified polymorphic DNA. Clin Diagn Lab Immunol. 2002; 9: 92–96. PMID:
11777835

25. Reid G, Beuerman D, Heinemann C, Bruce AW. Probiotic Lactobacillus dose required to restore and
maintain a normal vaginal flora. FEMS Immunol Med Microbiol. 2001; 32: 37–41. PMID: 11750220

26. Reid G, Charbonneau D, Erb J, Kochanowski B, Beuerman D, Poehner R, et al. Oral use of Lactobacil-
lus rhamnosusGR-1 and L. fermentumRC-14 significantly alters vaginal flora: randomized, placebo-
controlled trial in 64 healthy women. FEMS Immunol Med Microbiol. 2003; 35: 131–134. PMID:
12628548

27. Hilton E, Rindos P, Isenberg HD. LactobacillusGG vaginal suppositories and vaginitis. J Clin Microbiol.
1995; 33: 1433. PMID: 7615776

28. Reid G, Millsap K, Bruce AW. Implantation of Lactobacillus casei var rhamnosus into vagina. Lancet.
1994; 344: 1229. PMID: 7934561

29. Thomas CM, Versalovic J. Probiotics-host communication: Modulation of signaling pathways in the in-
testine. Gut Microbes. 2010; 1: 148–163. PMID: 20672012

30. KuttehWH, Prince SJ, Hammond KR, Kutteh CC, Mestecky J. Variations in immunoglobulins and IgA
subclasses of human uterine cervical secretions around the time of ovulation. Clin Exp Immunol. 1996;
104: 538–542. PMID: 9099941

31. Wang Y, Ametaj BN, Ambrose DJ, Ganzle MG. Characterisation of the bacterial microbiota of the vagi-
na of dairy cows and isolation of pediocin-producing Pediococcus acidilactici. BMCMicrobiol. 2013;
13: 19. doi: 10.1186/1471-2180-13-19 PMID: 23356904

32. Medzhitov R, Janeway C Jr. Innate immune recognition: mechanisms and pathways. Immunol Rev.
2000; 173: 89–97. PMID: 10719670

33. Boullier S, Tanguy M, Kadaoui KA, Caubet C, Sansonetti P, Corthésy B, et al. Secretory IgA-mediated
neutralization of Shigella flexneri prevents intestinal tissue destruction by down-regulating inflammatory
circuits. J Immunol. 2009; 183: 5879–5885. doi: 10.4049/jimmunol.0901838 PMID: 19828639

34. Russell MW, Kilian M, and LammME. Biological activities of IgA. In: Ogra PL, Mestecky J, LammME,
Strober W, Bienenstock J, McGhee JR, editors. Mucosal Immunology. San Diego: Academic Press;
1999. pp. 225–240.

35. Kaila M, Isolauri E, Soppi E, Virtanen E, Laine S, Arvilommi H. Enhancement of the circulating antibody
secreting cell response in human diarrhea by a human Lactobacillus strain. Pediatr Res. 1992; 32:
141–144. PMID: 1324462

36. Mathison J, Wolfson E, Steinemann S, Tobias P, Ulevitch R. Lipopolysaccharide (LPS) recognition in
macrophages. Participation of LPS-binding protein and CD14 in LPS-induced adaptation in rabbit peri-
toneal exudate macrophages. J Clin Invest. 1993; 92: 2053–2059. PMID: 7691891

37. Wurfel MM, Kunitake ST, Lichenstein H, Kane JP, Wright SD. Lipopolysaccharide (LPS)-binding pro-
tein is carried on lipoproteins and acts as a cofactor in the neutralization of LPS. J Exp Med. 1994; 180:
1025–1035. PMID: 8064223

38. Ametaj BN, Hosseini A, Odhiambo JF, Iqbal S, Sharma S, Deng Q, et al. Application of acute phase
proteins for monitoring inflammatory states in cattle. In: Veas F, editor. Acute phase proteins as early
non-specific biomarkers of human and veterinary diseases. Rijeka: InTech; 2011. pp. 299–354.

Lactic Acid Bacteria Lower Uterine Infections of Dairy Cows

PLOSONE | DOI:10.1371/journal.pone.0124167 April 28, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/16827601
http://www.ncbi.nlm.nih.gov/pubmed/12954951
http://dx.doi.org/10.1016/j.rvsc.2014.02.007
http://dx.doi.org/10.1016/j.rvsc.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24612560
http://www.ncbi.nlm.nih.gov/pubmed/16226305
http://www.ncbi.nlm.nih.gov/pubmed/14556696
http://www.ncbi.nlm.nih.gov/pubmed/11777835
http://www.ncbi.nlm.nih.gov/pubmed/11750220
http://www.ncbi.nlm.nih.gov/pubmed/12628548
http://www.ncbi.nlm.nih.gov/pubmed/7615776
http://www.ncbi.nlm.nih.gov/pubmed/7934561
http://www.ncbi.nlm.nih.gov/pubmed/20672012
http://www.ncbi.nlm.nih.gov/pubmed/9099941
http://dx.doi.org/10.1186/1471-2180-13-19
http://www.ncbi.nlm.nih.gov/pubmed/23356904
http://www.ncbi.nlm.nih.gov/pubmed/10719670
http://dx.doi.org/10.4049/jimmunol.0901838
http://www.ncbi.nlm.nih.gov/pubmed/19828639
http://www.ncbi.nlm.nih.gov/pubmed/1324462
http://www.ncbi.nlm.nih.gov/pubmed/7691891
http://www.ncbi.nlm.nih.gov/pubmed/8064223


39. Kucharski J, Stefanczyk-Krzymowska S, Jana B. Absorption of proinflammatory cytokines from in-
flamed porcine uterus into the uterine venous blood—preliminary data. Pol J Vet Sci. 2008; 11: 9–16.
PMID: 18540202

40. Olsson J, Berglund L, Hahn RG. Irrigating fluid absorption from the intact uterus. Br J Obstet Gynaecol.
1996; 103: 558–561. PMID: 8645649

41. Righter HF, Mercer HD, Kline DA, Carter GG. Absorption of antibacterial agents by the bovine involut-
ing uterus. Can Vet J. 1975; 16: 10–15. PMID: 45887

42. Kasimanickam RK, Kasimanickam VR, Olsen JR, Jeffress EJ, Moore DA, Kastelic JP. Associations
among serum pro- and anti-inflammatory cytokines, metabolic mediators, body condition, and uterine
disease in postpartum dairy cows. Reprod Biol Endocrinol. 2013; 11: 103. doi: 10.1186/1477-7827-11-
103 PMID: 24209779

43. Williams EJ, Fischer DP, Noakes DE, England GC, Rycroft A, Dobson H, et al. The relationship be-
tween uterine pathogen growth density and ovarian function in the postpartum dairy cow. Theriogenol-
ogy. 2007; 68: 549–559. PMID: 17574659

44. Kitchens RL, Thompson PA, Munford RS, O'Keefe GE. Acute inflammation and infection maintain cir-
culating phospholipid levels and enhance lipopolysaccharide binding to plasma lipoproteins. J Lipid
Res. 2003; 44: 2339–2348. PMID: 12923224

45. Laugerette F, Vors C, Peretti N, Michalski MC. Complex links between dietary lipids, endogenous endo-
toxins and metabolic inflammation. Biochimie. 2011; 93: 39–45. doi: 10.1016/j.biochi.2010.04.016
PMID: 20433893

46. Munford RS. Detoxifying endotoxin: time, place and person. J Endotoxin Res. 2005; 11: 69–84. PMID:
15949133

47. Shao B, Munford RS, Kitchens R, Varley AW. Hepatic uptake and deacylation of the LPS in bloodborne
LPS-lipoprotein complexes. Innate Immun. 2012; 18: 825–833. doi: 10.1177/1753425912442431
PMID: 22441700

48. Maitra SK, Rachmilewitz D, Eberle D, Kaplowitz N. The hepatocellular uptake and biliary excretion of
endotoxin in the rat. Hepatology. 1981; 1: 401–407. PMID: 7030904

Lactic Acid Bacteria Lower Uterine Infections of Dairy Cows

PLOSONE | DOI:10.1371/journal.pone.0124167 April 28, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/18540202
http://www.ncbi.nlm.nih.gov/pubmed/8645649
http://www.ncbi.nlm.nih.gov/pubmed/45887
http://dx.doi.org/10.1186/1477-7827-11-103
http://dx.doi.org/10.1186/1477-7827-11-103
http://www.ncbi.nlm.nih.gov/pubmed/24209779
http://www.ncbi.nlm.nih.gov/pubmed/17574659
http://www.ncbi.nlm.nih.gov/pubmed/12923224
http://dx.doi.org/10.1016/j.biochi.2010.04.016
http://www.ncbi.nlm.nih.gov/pubmed/20433893
http://www.ncbi.nlm.nih.gov/pubmed/15949133
http://dx.doi.org/10.1177/1753425912442431
http://www.ncbi.nlm.nih.gov/pubmed/22441700
http://www.ncbi.nlm.nih.gov/pubmed/7030904

