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ABSTRACT
Cells from a number of bacterial genera have been shown to possess mitogenic and polyclonal activating properties when
cultured with cells of the immune system. Based on previously reported health immune-enhancing effects of fermented dairy
products, we tested the potentiating effects of representative lactic acid bacteria and their extracts on leukocyte function.
Specifically, the effects of in vitro exposure to heat-killed cells of Bifidobacterium, Lactobacillus acidophilus, L. bulgaricus,
L. casei, L. gasseri, L. helveticus, L. reuteri, and Streptococcus thermophilus, their cell walls, and their cytoplasmic extracts
on proliferation as well as cytokine and nitric oxide (NO) production were examined in the RAW 264.7 macrophage cell line.
A similar strategy was applied to murine cultures composed of peritoneal, spleen, and Peyer’s patch cells. Both the cell wall
and cytoplasmic fractions of lactic acid bacteria were able to stimulate cloned macrophages to produce significant amounts of
tumor necrosis factor-a, (interleukin) IL-6, and NO. Pronounced enhancement of IL-6 production by peritoneal cells was
observed when cultured with those extracts, whereas, effects were not noted in spleen and Peyer’s patch cell cultures from
mice. Based on the results, it appears that, as a group, the lactic acid bacteria were capable of stimulating macrophages and
possibly other immune cells to produce cytokines and NO, and both their cell walls and cytoplasm contributed to these
capacities.

Both cells and products of a large number of bacterial
genera have been shown to possess mitogenic and polyclonal activating properties. As mitogens they induce DNA
synthesis, blast formation, and ultimately division of leukocytes. One of the most widely studied bacterial products
with mitogenic activity is lipopolysaccharide (LPS) that is
present in the cell wall of gram-negative bacteria. The basic
molecule of LPS consists of a lipid component, lipid A,
covalently bound to a heteropolysaccharide of two distinct
regions: the core oligosaccharide and the O-specific chain.
It can also contain polysaccharide chains of variable
lengths. LPS can activate macrophages and induce the release of many mediators and cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-1, and IL-6 (29).
LPS has also been shown to exert a mitogenic effect on B
cells in mice. Because the structure of LPS is complex and
variable even within the same species, the degree of activation can vary. Some bacterial species that are major human pathogens possess a gram-positive cell wall structure.
Gram-positive cell walls contain teichoic acid and peptidoglycan. These gram-positive components have also been
shown to induce TNF-a and IL-6 production in human
monocytes (10).
There has been increasing interest in the capacity of
certain lactic acid bacteria to function as probiotics when
ingested as part of fermented dairy products or as dietary
* Author for correspondence. Tel: 517-353-1709; Fax: 517-353-8963;
E-mail: pestka@pilot.msu.edu.

adjuncts. There is an extensive body of literature addressing
the possible health benefits associated with the consumption
of lactic acid bacteria (6, 8, 26, 27, 31, 36–39). The mechanisms involved in the production of these favorable effects
include changes in viable populations of microorganisms in
the intestinal flora after ingestion, competition for adhesion
sites and nutrients between the ingested bacteria and potential pathogens, production of antibacterial substances, and
the action of these bacteria through stimulation of the immune system. Relative to immunity, Perdigon et al. (26,
27) observed enhanced macrophage and lymphocyte activity in mice after administering a mixed culture of Lactobacillus acidophilus and L. casei. This group also reported
activation of peritoneal macrophages in mice after oral administration of L. casei and L. bulgaricus. Similar results
were found for Streptococcus thermophilus, L. acidophilus
when orally delivered (28), and heat-killed L. casei administered by injection to mice (30). Previous studies conducted in this laboratory found that heat-killed lactic acid bacteria stimulate production of IL-6 and TNF-a in RAW
264.7 macrophage cultures (18–20). Thus, a common observation found in these lactic acid bacteria studies is activation of macrophages.
In this study, we assessed the potentiating effects of
representative probiotic lactic acid bacteria and their extracts on leukocyte function. We determined: (i) the effects
of in vitro exposure to Bifidobacterium, L. acidophilus, L.
bulgaricus, L. casei, L. gasseri, L. helveticus, L. reuteri,
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TABLE 1. Cultures used in study
Bacteria

Strain

Bf-1
La-2
NCK 23

L. casei

ATCC 39539

L. gasseri ADH

NCK 101

L. helveticus
L. reuteri

Lr-92
ATCC 23272

S. thermophilus

St-133

Sanofi Bio-Industries
Sanofi Bio-Industries
North Carolina State
University
American Type Culture
Collection
North Carolina State
University
Sanofi Bio-Industries
American Type Culture
Collection
Sanofi Bio-Industries

and S. thermophilus and their cytoplasmic and cell wall
extracts on proliferation, cytokine, and nitric oxide (NO)
production by the RAW 264.7 macrophage cell line; and
(ii) the same effects in spleen and Peyer’s patch lymphocytes as well as in peritoneal cells from mice. The results
suggested that lactic acid bacteria as well as their cytoplasmic and cell wall fractions are able to stimulate cloned macrophages to produce large amounts of TNF-a, IL-6, and
NO. Although, a pronounced increase in production of IL6 by peritoneal cells was observed, these effects were not
observed in spleen and Peyer’s patch cell cultures.
MATERIALS AND METHODS
Lactic acid bacteria fractionation. Representative cultures
of Bifidobacterium, L. acidophilus, L. bulgaricus, L. casei, L. gasseri, L. helveticus, L. reuteri, and S. thermophilus were obtained
from three different sources: American Type Culture Collection
(Rockville, Md.), Dr. T. R. Klaenhammer (North Carolina State
University, Raleigh, N.C.), and Sanofi Bio-Industries (Waukesha,
Wis.) (Table 1). From frozen (2808C) stocks, bacteria were
thawed with moderate agitation in a 378C water bath. Lactobacilli
and streptococci were grown in MRS (Difco, Detroit, Mich.) broth
(3) and bifidobacteria in MRS 1 5% (wt/wt) lactose broth at 378C
for 15 h. Cultures (1% vol/vol) were transferred to fresh broth
and then incubated at 378C until exponential phase was reached.
The culture was plated after being serially diluted to assess the
number of bacteria per ml. Bacteria were recovered by centrifugation at 1,100 3 g for 15 min.
A schematic representation of the fractionation steps is provided in Figure 1. For heat-killed bacterial fractions, bacteria cultures were quickly chilled to 48C in an ice/ethanol bath. Bacteria
were harvested by centrifugation at 16,000 3 g for 10 min at 48C,
then washed with sterile distilled water and centrifuged at 16,000
3 g three times. Bacteria yield and number were determined by
wet weight and by plating, respectively. After resuspending in
Hank’s buffered saline solution (Sigma Chemical Co., St. Louis,
Mo.) to achieve a concentration of 25 mg ml21, the bacteria were
aliquoted in 1-ml vials and heated to a temperature of 1008C for
50 min, then quickly chilled to 48C in an ice bath and stored at
2808C.
For cell wall and cytoplasmic fraction preparations, bacterial
cells were harvested and washed as described in the previous section and then subjected to a series of fractionation steps (10, 36,
40). Briefly, after resuspending in sterile distilled water, bacteria
were disrupted by sonication for 30 min at 58C in a Branson
Sonifier W-350 (Branson/Sonic Power Co., Danbury, Conn.). The

RAW 264.7 macrophage culture. A murine macrophage
cell line obtained from the American Type Culture Collection was
used (RAW 264.7 ATCC TIB 71). RAW cells were maintained in
Dulbecco’s modified Eagle’s medium (Sigma) supplemented with
10% (vol/vol) fetal bovine serum (FBS) (Gibco Laboratories, Chagrin Falls, Ill.), sodium bicarbonate, nonessential amino acids (1
mM) (Gibco), 1 mM sodium pyruvate (Gibco), 10 ml NCTC-135
medium (Gibco), 100 U ml21 penicillin, and 100 mg ml21 streptomycin (Sigma). Cell number and viability were assessed by trypan blue (Sigma) dye exclusion using a Neubauer Bright Line
counting chamber (American Optical Co., Buffalo, N.Y.). RAW
cells were cultured at a final density of 5 3 105 cells ml21 in 48well flat-bottomed tissue culture plates with and without bacterial
fractions. Salmonella Typhimurium LPS (Sigma; 1 mg ml21) was
used as a positive control for stimulation of RAW cells. Triplicate
cultures of this cell line were exposed to 50, 250, or 500 mg (wet
weight) of heat-killed bacteria, cytoplasm, or cell wall fraction/ml
and incubated for 48 h at 378C in 7% CO2. Supernatants were
harvested, stored at 2808C for cytokine and NO assay, and cells
were used for MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-dimethyltetrazolium bromide) assay to determine proliferation/differentiation.
Contamination with exogenous endotoxins was ruled out by
using a test with polymyxin B. Various concentrations of polymyxin B (Boehringer Mannheim, Indianapolis, Ind.) (5, 25, 50 mg
ml21) were used as an LPS inhibitor to confirm that fractions were
not contaminated with LPS. Bacterial fractions were mixed with
the various polymyxin B concentrations, and after a 30-min incubation at room temperature the mixtures were added to the cultures. After 48 h incubation, supernatants were harvested and
stored at 2808C for cytokine assay, and cells were used for MTT
assay to determine proliferation/differentiation.
Primary cell preparation. Primary cell cultures from
B6C3F1 female mice, 8 weeks old (Charles River Labs., Raleigh,
N.C.) were used. Mice were sacrificed by cervical dislocation under gentle ether anesthesia. Peritoneal cells were prepared by injecting first 10 ml RPMI-1640 medium containing 10% (vol/vol)
heat-inactivated FBS supplemented with 100 U ml21 penicillin,
100 mg ml21 streptomycin, 5 3 1025 M 2-mercaptoethanol, 25
mM Hepes buffer, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids (10% FBS-RPMI-1640) into the peritoneal
cavity of mice with a 10-ml syringe fitted with a 20-gauge needle.
The abdomen was massaged, and the liquid was slowly drawn
back inside the syringe. The peritoneal fluid was centrifuged at
800 3 g for 10 min and the supernatant discarded. Ten milliliters
of same medium were added to resuspend the cells. Cells were
counted with a Neubauer hemacytometer to determine number of
cells per ml and cultured to a final density of 2 3 105 cells ml21.
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Bifidobacterium
L. acidophilus
L. bulgaricus 1489

Source

suspension was heated at 608C for 15 min to inactivate autolytic
enzymes. The suspension was centrifuged at 800 3 g for 30 min
at 58C, and the pellet (unbroken cells) was removed. Cell walls
were sedimented from the supernatant by centrifuging at 40,000
3 g for 30 min. The supernatant was then aliquoted in 1-ml vials
and frozen at 2808C (cytoplasmic fraction). The pellet was further
treated with protease (20 mg mg21 of crude cell wall), ribonuclease A, and DNAse I (250 mg ml21) (Sigma) in a 0.1 M Tris-HCl
buffer (pH 7.4) at 378C overnight to eliminate contaminating cytoplasmic material. The cell wall fraction was centrifuged at 800
3 g for 30 min at 48C followed by 40,000 3 g for 30 min,
weighed, heated to 908C for 15 min, aliquoted at a concentration
of 25 mg ml21, and then frozen at 2808C (cell wall fraction).
These were filter sterilized through a 0.2-mm filter and kept at
2808C until used for assay.
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Peyer’s patches were aseptically removed, teased apart, and
passed through an 85-mesh stainless-steel screen. Cells were suspended in 5 ml 10% FBS-RPMI-1640 medium, washed by centrifugation at 450 3 g for 10 min, and resuspended in 2 ml of the
same medium and counted. Cells were cultured to a final density
of 5 3 105 cells ml21.
Spleens were removed aseptically, teased apart with tissue
forceps in 10 ml 10% FBS-RPMI-1640, and centrifuged at 450
3 g for 10 min. Erythrocytes were lysed for 5 min at room temperature in 5 ml of a buffer containing 9 parts of 0.16 M ammonium chloride plus 1 part 0.17 M Tris buffer (pH 7.2). Ten
milliliters of fresh 10% FBS-RPMI-1640 were added and cells
were centrifuged at 450 3 g for 10 min, counted, and cultured to
a final density of 5 3 105 cells ml21.
Leukocytes were cultured in a 48-well flat-bottomed tissue
culture plate in triplicate with 500 mg (wet weight) of heat-killed
cells, cytoplasmic and cell wall fractions of Bifidobacterium, L.
acidophilus, L. bulgaricus, L. casei, L. gasseri, L. helveticus, L.

reuteri, S. thermophilus or Salmonella Typhimurium LPS 1 mg
ml21. Cells from spleen, Peyer’s patches, or peritoneal cavity were
incubated at 378C in 7% CO2, and supernatants were harvested at
time intervals and stored at 2808C for cytokine assay.
Proliferation assay. A colorimetric proliferation assay was
performed as described by Mosmann (22). The substrate was prepared fresh weekly and consisted of 5 mg of MTT (Sigma) ml21
in 0.01 M phosphate-buffered saline (PBS) at pH 7.4. This solution was sterilized by passage through a 0.2-mm filter and stored
in the dark at 48C. MTT reagent (150 ml per well) was added to
each well after supernatant was removed, and plates were incubated for 75 min in a CO2 incubator at 378C. Plates were centrifuged at 450 3 g for 10 min, MTT reagent was removed from
wells using a syringe with a thin needle to avoid disturbing the
pellet, and the crystals formed. Solubilization solution (100% dimethylsulfoxide from Sigma; 450 ml per well) was added to each
well and plates were gently agitated to uniformly resuspend the
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FIGURE 1. Flow diagram of steps to lactic acid bacteria fractionation.
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solubilized dye. The solubilized dye (200 ml) was transferred from
each well into a 96-well plate and read on a Vmax kinetic microplate reader (Molecular Devices, Menlo Park, Calif.) at 570 nm.
Unstimulated cell values were used as controls.

NO determination. Cells were cultured as described in the
previous sections for 2 and 5 days, and NO production was assessed by measuring nitrite accumulation, a stable metabolic product of NO, in the culture supernatants (4). Nitrite concentrations
were determined by the Griess reaction. Equal amounts of N-(1naphthyl)ethylenediamine dihydrochloride (Sigma) (100 mg dissolved in 100 ml of distilled water) and sufanilamide (Sigma) (1
g dissolved in 100 ml of a 5% phosphoric acid solution) solutions
were mixed prior to each assay (Griess reagent or chromogenic
reagent). Nitrite standards (2 mM stock solution; from 0 to 200
mM) were diluted in the same media in which the cells were
suspended. Equal amounts of Griess reagent and NaNO2 standards
or samples (100 ml) were placed in a 96-well plate in duplicate
and incubated for 5 min at room temperature to allow the chromophore to develop and stabilize. Absorbance was read at 550
nm on the microplate reader, and nitrite concentration was quantitated by using Vmax software. The sensitivity of the assay was
12 mM.
Statistical methods. One-way analysis of variance with Dunnett’s test for multiple comparison versus a control group was
applied to data, using the Sigma-Stat Analysis System (Jandel
Scientific, San Rafael, Calif.). A P , 0.05 was considered statistically significant. Results were expressed as relative change in
cytokine production compared to control by dividing experimental
data by control values (fold control).

RESULTS
Fractionation of bacteria. Lactic acid bacteria yields
from MRS broth cultures were between 10 and 15 g liter21.
Wall fractions from bacteria cells were prepared from sonicated cells by removal of extraneous material by washing,
differential centrifugation, and enzymatic digestion (Fig. 1).
The supernatant collected after centrifugation of the sonicated whole cell fraction represented the cytoplasmic content of the bacteria, and the pellet resulted in the crude cell
wall. The crude cell wall obtained from the whole cell preparation represented 15 to 30% (wet weight) of the initial
bacterial weight, and this is in agreement with the yields
generally reported (40). Purified cell wall fractions ranged
between 36 and 80% (wet weight) with respect to the crude
cell wall fraction, depending on the bacterial species.
Effects on proliferation. To assess the effects of lactic
acid bacteria fractions and heat-killed cells on macrophage
function, RAW 264.7 macrophage cells were stimulated in
vitro with 50, 250, and 500 mg (wet weight) ml21 of each
bacterial fraction. Cells stimulated with LPS (1 mg ml21)
were used as a positive control, and unstimulated cells were
used as a control. The proliferation of macrophage cells, as
measured by the MTT assay, was enhanced when RAW
cells were cultured for 48 h with 50 mg and 250 mg of any
of the fractions. Generally, significant increases with respect to the unstimulated cells (control) were observed at
these doses, but this effect diminished when cells were cultured with 500 mg of either heat-killed cells or cytoplasmic
fraction (Table 2). LPS significantly depressed proliferation.
The results suggested that stimulation with lower concentrations of lactic acid bacteria whole cells or fractions enhanced proliferation of RAW 264.7 cells, but higher concentrations suppressed proliferation.
Effects on cytokine production. Exposure of RAW
264.7 cells to lactic acid bacteria fractions also affected
cytokine production in a concentration-dependent manner.
For heat-killed cells, production of TNF-a was significantly
higher than in control cells with all bacterial fractions demonstrating marked activity (Table 3). In general, TNF-a levels were higher than the levels produced by stimulation
with a positive control (LPS, 1 mg ml21). Cytoplasmic fractions induced marked TNF-a production (Table 3), with
significant increases being observed for all concentrations.
L. helveticus, L. reuteri, and Bifidobacterium induced considerable levels of TNF-a at 50 mg and 250 mg, but production decreased dramatically at 500 mg. In contrast, the
remaining lactobacilli produced the most TNF-a at the
highest concentrations. For cell wall fractions, TNF-a levels significantly increased with concentration in all species
tested. Stimulation by cell wall seemed to be more effective
than cytoplasmic material and/or LPS relative to TNF-a
production, especially for L. bulgaricus, L. casei, and L.
helveticus. In general, these increases were lower than the
ones found for heat-killed bacteria.
Stimulation of IL-6 production by the heat-killed lactic
acid bacteria and cytoplasmic fractions was also observed
(Table 4). However, IL-6 levels were lower than that in-
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Cytokine quantification. Cytokines were quantitated in supernatants by enzyme-linked immunosorbent assay. Immunolon 4
Removawell microtiter strips (Dynatech Laboratories Inc., Chantilly, Va.) were coated overnight at 48C with 50 ml per well of a
purified rat anti-mouse cytokine capture antibody (PharMingen,
San Diego, Calif.) in 0.1 M sodium bicarbonate buffer, pH 8.2 (1
mg ml21 [IL-6, TNF-a], 2 mg ml21 [interferon (IFN)-g]). Plates
were washed three times with 0.01 M PBS (pH 7.2) containing
0.2% Tween 20 (PBS-T). Plates were blocked with 300 ml of 3%
(wt/vol) bovine serum albumin (BSA) in PBS (BSA-PBS) at 378C
for 30 min and washed 3 times with PBS-T. Standard murine
cytokines (PharMingen) or samples were diluted in 10% (vol/vol)
FBS-RPMI-1640, and 50-ml aliquots were added to appropriate
wells. Plates were incubated at 378C for 60 min, washed 4 times
with PBS-T, and 50 ml of biotinylated rat anti-mouse cytokine
detection monoclonal antibody (1.5 mg per well; PharMingen) diluted in BSA-PBS were added to each well. Plates were incubated
at room temperature for 60 min and washed six times with PBST and 1 additional time with distilled water. Fifty microliters of
streptavidin-horseradish peroxidase conjugate (1.5 mg per well;
Sigma) diluted in BSA-PBS were added to each well, and plates
were incubated at room temperature for 60 min. Plates were then
washed eight times with PBS-T and two more times with distilled
water, and 100 ml of substrate (10 mM citric phosphate buffer, pH
5.5, containing 0.4 mM tetramethylbenzidine [Fluka Chemical
Corp., Ronkonkoma, N.Y.] and 1.2 mM H2O2) were added to each
well. The reaction was stopped by adding an equal volume (100
ml) of 6 N H2SO4. Absorbance was read at 450 nm on a Vmax
kinetic microplate reader (Molecular Devices Co.), and cytokine
concentrations were quantitated by using Vmax software. The sensitivity of this assay was 0.25 ng ml21 for IL-6, 0.4 ng ml21 for
TNF-a, and 1.25 ng ml21 for IFN-g.
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TABLE 2. Effect of whole cell, cytoplasmic, and cell wall fraction of lactic acid bacteria on proliferation of RAW 264.7 cell line as
measured by MTT assaya
Fold controlb
Whole cell
Bacteria

a
b

Cell wall

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

1.41*
1.35*
1.13*
1.26*
1.25*
1.22*
1.35*
1.03
0.75*

1.23*
1.14*
0.88*
1.04
1.24*
1.00
0.95
1.08

0.98
0.97
0.77*
1.03
1.08
0.91
0.58*
0.95

1.79*
1.31*
1.29*
1.12*
1.05
1.14*
1.36*
1.38*

1.09
1.22*
1.14*
1.09*
1.15*
1.05
1.20*
1.43*

0.92*
1.05
0.94
0.93*
1.17*
0.93
0.62*
1.25

1.66*
1.49*
1.23*
1.47*
1.71*
1.12*
1.49*
1.28*

1.68*
1.65*
1.15*
1.16*
1.40*
1.05*
1.36*
1.56*

1.22*
1.32*
1.08*
0.95
1.19
0.91*
1.27*
1.23*

RAW 264.7 cells (5 3 105) cells/ml) were cultured with various concentrations of bacteria for 48 h.
MTT relative change was calculated by dividing experimental data by control values (n 5 4) and are representative of two separate
experiments. * P # 0.05.

duced by the positive control (LPS, 1 mg ml21). Production
of IL-6 by cell wall fractions was also significantly increased for all bacteria species, with L. bulgaricus and L.
reuteri showing the greatest effect. The extent of these increases was, in general, slightly lower than that found for
cytoplasmic and heat-killed fractions. Thus, cell walls did
not appear as effective at inducing IL-6 as they were inducing TNF-a.
Effects on NO production. The effects of culturing
macrophages with cells or fractions on production of NO,
another important macrophage mediator, were determined
(Table 5). Nitrate levels were used to measure production
of NO. In general, NO production either increased or was
unaffected as bacterial cell or cell wall fraction concentration was increased, reaching values similar to the ones exhibited by LPS stimulation. Stimulation with the cytoplasmic fraction of lactic acid bacteria had the opposite effect
of that observed for heat-killed bacteria and cell wall. NO
levels either decreased in a concentration-dependent man-

ner or were unaffected by the cytoplasmic fractions of all
bacteria except for S. thermophilus.
Polymyxin B neutralization studies. To rule out the
possibility that TNF-a, IL-6, and NO production were induced by LPS contamination within the bacteria extracts,
RAW 264.7 cells were cultured with up to 50 mg ml21
polymyxin B and with the bacterial fractions or LPS. Polymyxin B is an antibiotic capable of inducing outer membrane permeability in gram-negative bacteria (23). The basic molecule of LPS consists of a lipid component (lipid
A) covalently bound to a heteropolysaccharide (34). Lipid
A is responsible for the mitogenic activity attributed to
LPS. Polymyxin B is able to inactivate lipid A by attaching
to it and affecting overall LPS activity. The results indicated a consistent stimulation effect of bacterial extracts
that was independent of the polymyxin B concentration
(Fig. 2). In contrast, LPS activity declined when concentration of polymyxin B was increased, affecting proliferation of cells and decreasing production of TNF-a.

TABLE 3. Effect of whole cell, cytoplasmic, and cell wall fraction of lactic acid bacteria on TNF-a production by RAW 264.7 cellsa
Fold controlb
Whole cell
Bacteria

Bifidobacterium Bf-1
L. acidophilus La 2
L. bulgaricus 1489 NCK 231
L. casei ATCC 39539
L. gasseri NCK 101
L. helveticus Lr 92
L. reuteri ATCC 23272
S. thermophilus St-133
LPS 1 mg (1control)
a
b

Cytoplasm

Cell wall

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

199
142
388*
369*
274*
549*
125*
51*
221*

336*
739*
456*
669*
329*
756*
241*
166*

395*
816*
648*
738*
235*
1,010*
199*
340*

100*
100*
134*
125*
42*
307*
64*
5

89*
125*
257*
237*
124*
266*
160*
19*

3
169*
295*
296*
170
180*
103*
28*

17*
41
308*
28
34*
303*
44
33*

59*
49*
500*
239*
77*
369*
149*
45*

99*
148*
679*
418*
110*
405*
228*
142*

RAW 264.7 cells (5 3 105 cells/ml) were cultured with various concentrations of bacteria for 48 h.
TNF-a relative change was calculated by dividing experimental data by control values (n 5 4) and are representative of two separate
experiments. * P # 0.05.
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TABLE 4. Effect of whole cell, cytoplasmic, and cell wall fraction of lactic acid bacteria on IL-6 production by RAW 264.7 cellsa
Fold controlb
Whole cell
Bacteria

a
b

Cell wall

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

41*
2
37*
3
56*
27*
61*
7*
204*

173*
9*
58*
27*
107*
58*
112*
36*

226*
61*
83*
53*
112*
85*
195*
52*

0
63*
22
11
7
26*
31
0

65*
195*
134*
79*
38
68*
151*
11

49*
215*
160*
211*
110*
85*
154*
6

0
1
66*
1
0
7
0
0

3
2*
121*
9*
20*
35*
38
0

4
5*
175*
29*
51*
72*
116*
3*

RAW 264.7 cells (5 3 105 cells/ml) were cultured with various concentrations of bacteria for 48 h.
IL-6 relative change was calculated by dividing experimental data by control values (n 5 4) and are representative of two separate
experiments. * P # 0.05.

Effects of lactic acid bacteria fractions on primary
leukocyte cultures. Peritoneal, spleen, and Peyer’s patch
cells were incubated with 500 mg of heat-killed, cytoplasmic, or cell wall fractions from lactic acid bacteria as well
as with 1 mg LPS for a period of 48 h and analyzed as
described in previous sections. Production of TNF-a by
peritoneal cells was not detected in any case. Exposure of
peritoneal cells to lactic acid bacteria fractions increased
IL-6 levels with respect to the control cells (Table 6). Production of IL-6 was significantly higher for all bacteria species, showing very large levels regardless of the cell fraction used. Stimulation with cell wall and cytoplasmic material seemed to be more effective than stimulation with
heat-killed bacteria and, in some instances, LPS. Bifidobacterium, L. bulgaricus, L. casei, L. gasseri, L. helveticus, and
L. reuteri appeared to have the greatest effect on these cells.
The results suggested that lactic acid bacteria could stimulate peritoneal cells to produce IL-6. Because macrophages are found in peritoneal cells at high concentrations, it is
likely that these were the source of the IL-6. However, because peritoneal macrophages were not specifically isolated

from other types of cells, we cannot exclude the possibility
that some other cells (i.e., T or B cells) besides macrophages were contributing to these high IL-6 levels.
Spleen and Peyer’s patch lymphocyte production of IL6, TNF-a, IFN-g, or NO were not affected by whole lactic
acid bacteria cells or their extracts.
DISCUSSION
Macrophages belong to the myeloid lineage and play
a key role in inflammation and in host defense (20). Functions including production of cytokines and mediators,
phagocytosis, antigen presentation, antimicrobial, and tumoricidal activity contribute to its role in host defense.
These properties are controlled by numerous dynamic stimuli from the tissue microenvironment. The results presented
here suggest that lactic acid bacteria and their cytoplasmic
and cell wall fractions were capable of stimulating RAW
264.7 macrophages to produce very significant amounts of
TNF-a, IL-6, and NO. While these cells and fractions could
stimulate IL-6 production in resting peritoneal cells, TNFa and NO were unaffected. This may reflect that resting

TABLE 5. Effect of whole cell, cytoplasmic, and cell wall fraction of lactic acid bacteria on NO32 production by RAW 264.7 cellsa
Fold controlb
Whole cell
Bacteria

Bifidobacterium Bf-1
L. acidophilus La 2
L. bulgaricus 1489 NCK 231
L. casei ATCC 39539
L. gasseri NCK 101
L. helveticus Lr 92
L. reuteri ATCC 23272
S. thermophilus St-133
LPS 1 mg (1control)
a
b

Cytoplasm

Cell wall

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

50 mg

250 mg

500 mg

11*
7*
10*
13*
20*
14*
16*
1*
15*

12*
18*
9*
19*
14*
15*
10*
4*

15*
22*
17*
18*
15*
17*
7*
6*

5*
17*
40*
16*
16*
16*
16*
1

6*
12*
15*
15*
15*
14*
5
5*

2
7*
18*
14*
16*
14*
0
8*

0
0
20*
4*
5*
18*
10*
0

5*
10*
19*
16*
16*
19*
18*
5*

11*
16*
19*
18*
17*
17*
17*
13*

RAW 264.7 cells (5 3 105 cells/ml) were cultured with various concentrations of bacteria for 48 h.
NO32 relative change was calculated by dividing experimental data by control values (n 5 4) and are representative of two separate
experiments. * P # 0.05.
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TABLE 6. Effect of heat-killed, cytoplasmic, and cell wall fractions (500 mg) of lactic acid bacteria on IL-6 production by peritoneal macrophagesa
Fold controlb
Whole
cells

490*
588*
400*
780*
490*
865*
635*
795*
875*

Cell wall

575*
650*
700*
1,100*
1,110*
1,265*
1,385*
635*

900*
430*
400*
840*
750*
910*
1,000*
685*

RAW 264.7 cells (5 3 105 cells/ml) were cultured with 500 mg
of bacterial fraction for 48 h.
b L-6 relative change was calculated by dividing experimental data
by control values (untreated cells) (n 5 4) and are representative
of two separate experiments. * Statistically significant with respect to the control (no stimulation) P # 0.05.
a

FIGURE 2. Effect of polymyxin B on L. casei ATCC 39539 fractions and LPS stimulation properties. (A) MTT assay; (B) TNF-a
production.

macrophages were present in our peritoneal cells, whereas
the cloned line represents a more highly differentiated macrophage.
The multifunctional cytokines TNF-a and IL-6 are major effector molecules in the response to bacterial agents.
TNF-a plays a role in inducing gene expression of several
cytokines. TNF-a has been reported to be induced in mouse
peritoneal cells within 3 h after the intraperitoneal injection
of Bifidobacterium cell wall preparation (33). TNF-a responses involve increased rates of transcription of particular
target genes, often through activation of NF-kB or AP-1
transcription factors. At low concentrations, TNF-a acts as
a paracrine and autocrine regulator, making cell surfaces
more adhesive. Also, TNF-a stimulates other cell types to
produce, cytokines (13). At greater quantities, TNF-a enters
the blood stream as an endocrine hormone and acts as an
endogenous pyrogen. It is able to induce the expression of
NO synthase (NOS) that results in conversion of arginine
to citrulline and NO. IL-6 is synthesized by macrophages
and other cells in response to TNF-a and other signals. IL6 serves as a growth factor for activated B cells during Bcell differentiation (1). It can act as an autocrine factor and
also as a cofactor with other cytokines.
Previous research conducted in this laboratory showed
that heat-killed lactic acid bacteria stimulated RAW 264.7
cells to produce TNF-a and IL-6 (18–20). Our findings are
similar to Miettinen at al. (21), who reported an induction
of the proinflammatory cytokines TNF-a and IL-6 when
viable and nonviable lactic acid bacteria were used to stimulate human peripheral blood mononuclear leukocytes. In

other studies where RAW 264.7 macrophages were cultured
with microbial spores, induction of TNF-a, IL-6 and NO
secretion was observed (11).
Several investigations have examined the effects of lactic acid bacteria fractions (especially Bifidobacterium
strains) on immunopotentiating activity. For example, using
sonicated cells of B. adolescentis, Lee et al. (16) showed
that those cells stimulate Peyer’s patch and lymph nodes
lymphocytes in vitro. Another species of Bifidobacterium,
B. breve, accelerated in vitro proliferation of Peyer’s patch
cells, particularly B cells (41). The proliferation of B cells
is enhanced when the supernatant of plastic adherent cells
cultured with B. breve (either whole cell or a cell wall preparation) is added. This indicates that B. breve activates plastic-adherent cells and that these cells secrete a soluble factor
that enhances proliferation of B cells. Takahashi et al. (36)
investigated the interaction of cell fractions of lactic acid
bacteria with the immune system, using B. longum and L.
acidophilus. In mice fed B. longum for more than 8 weeks,
a strong antibody response was detected to the cytoplasmic
fraction but not the cell wall fraction. In mice fed L. acidophilus for more than 6 weeks, antibody responses were
detected against the cytoplasmic and cell wall fractions.
Sekine et al. (32) demonstrated that cell wall preparations
from B. infantis induced polymorphonuclear cells and macrophages when injected in peritoneal cavity. These cells inhibited the growth of tumor cells in vitro.
During fractionation procedures of bacterial cells that
contain large amounts of lipids, disintegration can be impaired by clumping, and for this reason they are sometimes
subjected to preliminary solvent extraction at room temperature (40). However, such procedures have the disadvantages that there is considerable destruction of sugars and
the presence of organic solvent residues, that is not desirable due to the possibility of inadvertent effects in cell cultures. Thus, less drastic methods of wall isolation from cells
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diates, via an oxidative enzymatic pathway involving an
NOS (4). NO produced in vivo reacts with molecular oxygen to generate other reactive oxides of nitrogen, such as
dinitrogentrioxide (N2O3) and dinitrogentetroxide (N2O4).
These can react with water to form nitrite that is further
oxidized to nitrate in vivo. It is known that NO is an important mediator in the nonspecific host defense against microbes and tumors. NO is one of the cytotoxic agents by
which activated macrophages can kill bacteria, tumor cells,
and a variety of other pathogens but also normal tissue cells
during autoimmune reactions (15, 17). Chemically, NO is
a small lipophilic molecule, and only a few microorganisms
can block its entry. Cytokines and microbial products can
synergistically stimulate inducible NOS expression. In
mouse peritoneal macrophages, IFN-g seems to be responsible for this stimulation (14). In RAW 264.7, LPS also
stimulates iNOS expression. Ingestion of microorganisms
generally elicits TNF-a production and this cytokine exerts
an autocrine stimulus increasing the antimicrobial action of
the macrophage, in particular by inducing the production
of NO.
Taken together, these data strongly suggest that both
the cell wall and cytoplasmic fractions of lactic acid bacteria can stimulate macrophages to produce cytokines. Elevated cytokine production, especially that of IL-6 and
TNF-a, were consistent with later increased NO synthesis.
Further purification of the lactic acid bacteria fractions produced here may reveal the identity of one or more stimulatory components. If activation by these bacterial fractions
plays any role in vivo, one key factor that could influence
this effect might be the requirement for prolonged exposure. It was reported that bacterial cell wall components can
persist in tissues for long periods of time (5). Thus, the cell
wall may be the most likely candidate to provide a continuous stimulus required for activation. Under normal conditions, these cell wall components may come in contact
with leukocytes found in the intestine or the peritoneum.
Leukocytes could be activated either directly by bacterial
products as well as by cytokines secreted by peritoneal
macrophages or possibly other immune cells. Inflammatory
mediators, such as TNF-a, IL-6, act on the neighboring
cells and quickly amplify the cellular response. Following
diffusion in the tissue, these cytokines may activate local
macrophages, fibroblasts, and endothelial cells that also
produce mediators and thus contribute to the overall immune response. Further research is needed to determine if
these findings have relevance in vivo and to identify the
specific fractions in the cell wall and cytoplasm of lactic
acid bacteria that have activating properties.
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were used in this study, such that polymers (peptidoglycan),
mucopeptides, teichoic acids, polysaccharides, and other
components may be simultaneously present.
The heat-killed, cytoplasmic, and cell wall concentrations required in this study to elicit maximal cytokine production were substantially higher than the concentrations of
LPS (1 mg ml21) that induce comparable levels of TNF-a
and IL-6. Some components of pathogenic gram-positive
bacteria (streptococci, staphylococci, and other genera) produce significant amounts of TNF-a and IL-6 at concentrations above 100 ng to 1 mg of cell wall ml21 with maximal
production requiring 10 to 100 mg of cell wall material
ml21 in human monocytes (10). Thus, our results for cell
walls were consistent with that found for other gram-positive microbes.
In spite of their different chemical nature, gram-positive bacterial extracts and LPS appear to induce similar biological effects and thus might activate the same mediator
system. Relatedly, peptidoglycan present in gram-positive
bacteria has been reported to induce inflammation (34).
Peptidoglycan also stimulates release of numerous macrophage products including endogenous cytokines, intermediates, and prostaglandins (1). Their induced secretion
might well have important implications with respect to the
inflammatory process that occurs after exposure to peptidoglycan (5). The cell walls of other nonlactic gram-positive bacteria at a dose of 10 mg (1 3 106 cells) produce,
in vitro, maximum activation of the peritoneal macrophages
of guinea pigs due to the presence of both peptidoglycan
and peptidoglycolipid (35). Isolated peptidoglycan-polysaccharide polymer fractions from cell walls have been shown
also to produce these effects (24). Recently, De Ambrosini
et al. (2) found that specific strains of L. casei, L. acidophilus, and Lactococcus lactis contained glycerol teichoic acids and A4a-type murein in their peptidoglycan. When they
tried to induce phagocytosis in peritoneal macrophages with
these fractions, only the L. casei peptidoglycan exhibited
activity. Proteins and teichoic acids stimulate macrophage
cells to release cytokines and NO (7). Loss of an acyl group
or any other modification can, in some cases, abrogate cytokine stimulating activity (9).
Although most studies of the immunoactive components of gram-positive bacteria have focused on cell wall
components such as peptidoglycan, other factors may be
involved. For example, water-soluble polysaccharides can
be immunostimulatory as has been described in bifidobacteria (12). Notably, b-glucans activate macrophages, natural
killer cells, and killer T cells (25) with their action being
related to molecular weight, degree of branching, and conformation. Incubation of peritoneal macrophages with bglucans in the presence of TNF-a or IL-6 augments NO
synthesis. It has also been demonstrated that some types of
glycolipids from gram-positive bacteria activate human
monocyte IL-6 expression by an identical pathway to LPS
(42). Those glycolipids were, however, unable to induce
TNF-a release.
NO production was included in this study based on a
metabolic pathway existing in the macrophage and other
cells that converts L-arginine to reactive nitrogen interme-
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