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Probiotic  bacteria,  especially  the  Lactobacillus  species,  can  potentially  play a significant  role  in the  antiviral
and  antimicrobial  activity  of a host’s  immune  system.  Lactobacillus  acidophilus,  an  intestinal  bacterium,
is  involved  in the  intestinal  epithelial  cell  response  when  a  pathogen  adheres  to  a  cell.  In  this  study,
the  structure  of  peptidoglycan  (PGN)  isolated  from  L.  acidophilus  was  determined  with  the  help  of HPLC,
NMR, FT-IR  and  MALDI-TOF/TOF  MS.  The  molecular  mass  of  PGN  is 875.260  Da. The  anti-inflammatory
eywords:
GN
. acidophilus
PLC
tructure analysis

capacity of PGN  was  evaluated  in  model  RAW  264.7  cells.  Epifluorescence  microscopy  images  and  west-
ern blot  analysis  provided  compelling  evidence  of  PGN’s  anti-inflammatory  capacity  on  LPS-induced
macrophages.  A  significant  decrease  in  inducible  NO synthase  (iNOS)  and cyclooxygenase-2  (COX-2)  lev-
els when  PGN  was  added  up to 200 �g/ml.  These  data  provide  new  insight  into  the  cellular  and  molecular
mechanisms  by  which  probiotic  bacteria  can  contribute  to  maintaining  good  health.
nti-inflammatory capacity

. Introduction

Intestinal bacteria, such as Lactobacillus, Bifidobacterium, Lacto-
occus and Streptococcus spp., have received considerable attention
s examples of probiotic microorganisms (Florez et al., 2008). Lac-
ic acid bacteria (LAB) are estimated to consist of at least 400
ifferent species, of which many are associated with the human
astrointestinal tract. Lactobacillus species, such as Lactobacillus
cidophilus, Lactobacillus delbrueckii subsp. Bulgaricus,  Lactobacil-
us casei and Lactobacillus rhamnosus have long been used in the

anufacture of yogurt and cheese (Ng, Yeung, & Tong, 2011).
AB also exhibited antiviral activity when cell line models of ani-
al  and human intestine, and macrophages were challenged with

otavirus and transmissible gastroenteritis virus (Maragkoudakis,
hingwaru, Gradisnik, Tsakalidou, & Cencic, 2010). Several stud-

es have demonstrated that L. acidophilus is a potential probiotic
ased on their immunomodulating activity by which they upreg-
late anti-inflammatory factors and thereby enhance immunity
Aly, Abdel-Galil Ahmed, Abdel-Aziz Ghareeb, & Mohamed, 2008;

’Flaherty & Klaenhammer, 2010).

L. acidophilus is a Gram-positive, non-spore forming rod, obli-
ately homofermentative LAB that grows in anaerobic conditions.
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Though the effect of L. acidophilus on the modulation of host
immunity has been shown by clinical evidence, the molecular
and cellular mechanisms of these effects are not completely clear
(Weiss et al., 2010). Molecular structures, such as peptidoglycan
(PGN) and lipotechoic acid (LTA) of L. acidophilus,  may  be involved
in the responses of intestinal epithelial cells (Ebrahimi & Jafarei,
2011; Vissers et al., 2010).

PGN, an amazing giant macromolecule (long glycan strands
cross-linked by peptide side bridges), is an essential and spe-
cific component surrounding bacterial cells with a single covalent
molecular sacculus, which is responsible for shape determina-
tion and cellular viability (Zapun, Noirclerc-Savoye, Helassa, &
Vernet, 2012). The basic structure of PGN is polymers of alternat-
ing N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM)
in (�-1,4) linkage, cross-linked by short peptide stems composed
of alternating l- and d-amino acids. The structure of the PGN seg-
ment is the basis for a proposal for the structure of the bacterial
cell wall polymer (Meroueh et al., 2006; Shah, Laaberki, Popham,
& Dworkin, 2008). A classic model of PGN architecture from Bacil-
lus subtilis suggests that glycan strands run parallel to the plasma
membrane (Fig. 1), while the stem peptide varies depending on the
bacterial species (Chaput & Boneca, 2007).

In Gram-negative bacteria, PGN is in a pathogen-associated
molecular pattern, which is a potent activator of an innate immune

response in the host. Some studies have demonstrated that Gram-
negative bacteria, such as Escherichia coli and S. flexner,  can
stimulate the Nod1 pathway, whereas two  Gram-positive PGNs
do not (Girardin et al., 2003). Such effects have been attributed to

dx.doi.org/10.1016/j.carbpol.2013.04.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Fig. 1. Model peptidoglycan structure of B. subtilis.
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he different PGN chemotypes at the third amino acid of the pep-
idic chain and to variations in the cross-bridge structure (Travassos
t al., 2004).

Much attention has been focused on the Gram-negative bacteria
GN in relation to bacterial pathogens. Although PGNs are common
o most biofilms, their matrix composition can vary greatly depend-
ng on the bacterial species (Hayhurst, Kailas, Hobbs, & Foster,
008). Gram-positive bacteria contain a 20–80 nm thick cell wall
ith PGN accounting for 40–90% of its dry weight (Dworzanski,

ripathi, Snyder, Maswdeh, & Wick, 2005). Certain popular LAB
trains are used in the food fermentation industry to improve
afety, flavor, appearance, and texture, as well as to enhance
ood’s physiologic and hygienic value (Semjonovs, Jasko, Auzina,

 Zikmanis, 2008). It is important to determine whether PGNs
solated from LAB display a potent anti-inflammatory effect on
athogenic bacteria.

Among the strategies used to elucidate the structure of PGNs,
hemical and biological approaches have led to their complete
urification and structural characterization. Generally, biochemical
nalysis of PGN requires a hydrolysis process with a murami-
ase, resulting in release of muropeptide fragments. A dozen
tem peptide structures have also been determined using an
midase (Atrih, Bacher, Allmaier, Williamson, & Foster, 1999).
igh-performance liquid chromatography (HPLC) and matrix-
ssisted laser desorption/ionization mass spectrometry techniques
MALDI-MS) have revealed a high level of PGN complexity in
everal species (Atrih, Zöllner, Allmaier, & Foster, 1996). Even
ith such knowledge, many issues remain unclear. Researchers
ave yet to determine how PGN is synthesized, modified and
ydrolyzed, and how such changes relate to the stress-bearing
apability of bacteria. The dynamic structure of PGN is also still
argely obscure.

The present study sought to evaluate the structure of PGN iso-
ated from L. acidophilus. We  also explored the anti-inflammatory

ffects of PGN in a model macrophage cell line, RAW 264.7
o gain more details about probiotic bacteria and their effector

olecules which contribute to their properties that promote good
ealth.
2. Materials and methods

2.1. Reagents

DNase I, RNase A, trypsin, sodium dodecyl sulfate (SDS), cal-
cofluor white (CFW, a compound that reacts with �-1,3 and �-1,4
carbohydrate linkages), and fluorescein isothiocyanate (FITC, an
amine reactive derivative of fluorescein dye) were purchased from
the Sigma–Aldrich Company (Shanghai, China). Antibody to iNOS,
COX-2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were purchased from Cell Signaling Technology, and second anti-
bodies were purchased from LI-COR Biosciences. Deionized water
was purified in a Milli-Q plus system from Millipore prior to use.
Other reagents were all of analytical reagent quality.

2.2. Strain and culture media

L. acidophilus was isolated from the gastrointestinal tract and
identified by 16S rRNA analysis. The L. acidophilus strain was cul-
tured in de Man–Rogosa–Sharpe (MRS) media, after which fresh
media were inoculated with 1% (v/v). Cells were centrifuged at
5000 × g for 5 min  at 4 ◦C. Pellets were harvested to isolate the PGN
(McPherson & Popham, 2003).

2.3. Peptidoglycan isolation

Pellets (from 100 ml  culture medium) isolated from exponential
phase (16 h) cells were boiled for 30 min  in 4% SDS. Suspensions
were cooled at 4 ◦C, centrifuged at 6000 × g for 5 min at room
temperature, and washed with distilled water until free of SDS.
Pellets were processed using an ultrasonic processor (200 W,  3 × 99
times), and thrice washed with distilled water. The washed pellets
were suspended in 10 ml  of 100 mM Tris–HCl (pH 7.5) and incu-
bated with DNase I (5 �l, 1 mg/ml), RNase A (5 �l, 5 mg/ml), and

MgSO4 (20 mM)  at 37 ◦C for 2 h. Trypsin (10 �l, 10 mg/ml) and CaCl2
(10 mM)  were added and incubated at 37 ◦C for 12 h. Free of all the
enzymes, the pellets were boiled in 1% SDS for 10 min  SDS-insoluble
cell wall material was  washed until free of SDS and suspended in
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ig. 2. HPLC profiles of PGN and PGN hydrolysates. (A) PGN of B. subtilis. (B) NAM on 

E)  Degradation supernatant products of PGN digested with muramidase. (F) Pellet

richloroacetic acid (10%) at 4 ◦C for 24 h to remove LTA. Water-
nsoluble material was then washed with cold distilled water until
he pH was neutral. The PGN was collected and stored at −20 ◦C for
urther study (Atrih et al., 1999; Shah et al., 2008).

.4. Soluble PGN analysis by HPLC and MS

Samples containing soluble PGN were separated with an Agi-
ent HPLC system and an Aminex HPX-87H column from Bio-Rad
300 mm × 7.8 mm)  and compared with retention times of known

uropeptides from B. subtilis, a model organism for PGN study
McPherson & Popham, 2003). The column was equilibrated at
7 ◦C (throughout the experiment) at a flow rate of 0.5 ml/min with
lution buffers (H2SO4, 5 mM)  for 30 min. The flow rate was  con-
tant at 0.5 ml/min for 18 min  after sample injection (20 �l). Soluble
GN was detected at 225 nm (Fig. 2). The eluted compounds were
etected by monitoring A225 (Meisen, Wingender, & Telgheder,
008).

Soluble PGN was analyzed with MALDI-TOF/TOF MS (ultraflex

OF/TOF; Bruker Daltonics Inc., USA). One �l of each soluble PGN
filtered from 1 mg/ml  PGN) was mixed with 1 �l of saturated 2,5-
ihydroxybenzoic acid (DHB) matrix solution (50 mg/ml). A droplet
f the resulting mixture (1 �l) was placed on the sample target and
x HPX-87H column. (C) NAG on Aminex HPX-87H column. (D) PGN of L. acidophilus.
cts of PGN digested with muramidase.

dried at room temperature. The sample was loaded into a mass
spectrometer and analyzed (Chambery, del Monaco, Di Maro, &
Parente, 2009).

The mid-infrared region (4000–400 cm−1) Fourier Transform
Infrared Spectroscopy (FT-IR) and nuclear magnetic resonance
spectroscopy (NMR; this method was  not as suitable for analysis
of PGN’s structure, given PGNs insolubility) were also used for the
structural analysis of PGN.

2.5. Amino acid analysis of PGN

Different methods for analysis of amino acids have been devel-
oped and commercialized. PGN was  hydrolyzed by 6 N HCl at 110 ◦C
for 24 h. Analysis of PGN’s amino acids was performed using an
A200 Amino Nova amino acid analyzer (Physics and Chemistry Test
Center, Jiangsu Province, China).

2.6. Microscopic observation of water-insoluble PGN
One of our goals was to verify the presence of NAG and NAM
in PGN. Water-insoluble PGN was  labeled with CFW and FITC
(Calamita, Ehringer, Koch, & Doyle, 2001; Domenech, Garcia, Prieto,
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Fig. 3. Soluble PGN analyzed by different methods, and proposed PGN structures. (A) PGN of L. acidophilus identified on Aminex HPX-87H column. (B) 1H spectrum of PGN
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etected at 400 MHz  on a Bruker Avance III NMR  spectrometer. (C) Spectra of PGN in
S.  (E) Predicted structure of PGN from L. acidophilus. (F) Visualization of CFW- and

 Moscoso, 2012). Labeled PGN was then visualized using a Zeiss
uorescence microscope (Carl Zeiss, Inc., Jena, Germany).

.7. Probiotic activity and dose dependency of PGN

The RAW 264.7 murine macrophage-like cell line model was
sed to investigate the probiotic activity of PGN. RAW 264.7 cells
ere seeded into 96-well plates (2 × 104 cells/well). After 24 h, cells
ere treated with various concentrations of PGN sacculus (insol-
ble PGN). LPS (100 ng/ml) was added to stimulate cells 3 h later.
robiotic activity was determined by 3-(4,5-dimethylthiazol-
-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and
bsorbance was detected at 570 nm to express the cells’ viability

Kang et al., 2012).

The PGN-regulated, LPS-induced inducible NO synthase (iNOS)
nd cyclooxygenase-2 (COX-2) associated with inflammation were
etected with western blot analysis (WB) (Shih, Cheng, Shen, &
herng, 2010).
id-infrared region (4000–650 cm ). (D) Soluble PGN analyzed by MALDI-TOF/TOF
labeled PGN sacculus images under 63× objective.

3. Results

3.1. PGN determined by HPLC on Aminex HPX-87H column

According to the method described previously, PGN of L. aci-
dophilus was analyzed using HPLC on an Aminex HPX-87H column.
Retention time (7.618 min) of natural PGN from L. acidophilus dif-
fered from the retention time (7.550 min) of known PGN from B.
subtilis (Fig. 2A and D). Fig. 3E and F shows HPLC patterns of the
degradation products of PGN digested with muramidase; NAG frag-
ments (14.04 min) were observed in both figures. For NAM links to
the peptide stem in PGN sacculus, NAM (12.255 min) did not appear
in PGN hydrolysates, but did appear in two  fractions at 8.926 min
and 10.067 min.
3.2. PGN structure analysis

New methods and refinements of older approaches are leading
to greater elucidation of the structure of PGN. Soluble PGN isolated
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Table 1
MALDI-MS TOF/TOF analysis of PGN derived from L. acidophilus.

PGN Ion m/z �m Peptides composition

Observed Calculated Ala Glu Lys Ala Gly

1 [M+H]+ 828.452 805.160 23(Na) 1 1 1 0 0
2  [M+H]+ 860.283 876.283 16(O) 1 1 1 1 0
70 Z. Wu et al. / Carbohydrat

rom L. acidophilus was analyzed by MALDI-TOF/TOF MS  (Nan-
ing Normal University, China), FT-IR and NMR. Main m/z  ratios of
28.451, 860.283 and 876.260 and 892.244 were obtained (Fig. 3D).

In amino acid analysis, 17 kinds of amino acid were detected
sing an A200 Amino Nova amino acid analyzer. Alanine (Ala), glu-
amic acid (Glu) and lysine (Lys) formed a significant part of the
otal amino acid component (data not shown).

.3. Further characterization of PGN

The results for PGN sacculus isolated and purified from L. aci-
ophilus and labeled with CFW and FITC are shown in Fig. 3F. The
resence of �-1,4 carbohydrate linkages and Lys contributed sig-
ificantly to the identification of the structure of PGN.

.4. Dose-dependent manner of PGN acting on LPS-induced RAW
64.7 cell lines

For the insoluble character of PGN, a phagocytosis model was
dopted on RAW 264.7 cells (Fig. 4). Phagocytosis of PGN sacculus
y RAW 264.7 cells occurred when LPS was used to induce inflam-
ation. The WB result also showed that iNOS and COX-2 changed

n a dose-dependent manner related to PGN (Fig. 5). When the LPS-
nduced RAW 264.7 cells were compared, there was  no significant
ifference between the PGN-treated and untreated RAW 264.7 cells
Fig. 6).

. Discussion

The major structural polymer in the cell walls of most bacteria
s PGN. The most prominent PGN is the substitution of about 50%
f the disaccharides (N-acetylglucan) with muramic acid �-lactam
esidue, which occurs predominantly at every alternate disaccha-
ide (Atrih et al., 1996). In this study, the concentration of PGN
isaccharides was 43.85% (data not shown). The purification pro-
edure of PGN isolated from L. acidophilus was first identified by
PLC (Fig. 2) and Aminex HPX-87H column, which is specific for the

solation of PGN. Compared with PGN from B. subtilis,  the retention
ime of L. acidophilus was a little longer (Fig. 2D). Chromatographic
etention times may  be influenced by a number of parameters,
ncluding amino acid composition, the nature of the N- and C-
erminal residues, peptide length, and peptide sequence (Mant,
ovacs, Kim, Pollock, & Hodges, 2009). Previous studies have also
evealed that cell walls can be specifically degraded by lysozyme
glycoside hydrolase) during cell growth (Rae, Geissler, Adamson,

 Portnoy, 2011). By comparing the NAG fragment (14.049 min)
nd NAM (12.255 min) to that generated by the lysozyme diges-
ion of whole PGN (Fig. 2E), a peak retention time at 14.044 min
ccurred in the hydrolysates of PGN from L. acidophilus, which
orresponds to the NAG fragment (14.049 min). Other peaks were
ot identified in Fig. 2E, which may  be due to NAM residues that
ave a peptide stem (not specific to lysozyme), such as tetrapep-
ides or pentapeptides attached to the d-lactyl moiety (Meroueh
t al., 2006). Un-hydrolyzed soluble PGN is shown in Fig. 2F, which
howed the same outcome as PGN from L. acidophilus (Fig. 2D).

Despite possible problems related to PGN insolubility, various
pproaches were used to gain insight into the composition of PGN
Fig. 3). 1H NMR  of the PGN fraction indicated that the structural
eatures of PGN include polysaccharide chains having alternating
�-1,4)-linked NAG-NAM residues. Given PGN insolubility, how-
ver, 1H NMR  was not as suitable in analyzing PGN’s structure as
ome other approaches. Even so, this result showed the presence of
 (�-1,4)-linked bond in PGN; therefore the structure of PGN is more
omplex than predicted (Fig. 2B) (Mulloy, Mourao, & Gray, 2000).

e also observed results related to FT-IR. In the 1200–800 cm−1

egion, multivariate analysis was performed to characterize PGN
3  [M+H]+ 876.260 875.260 1(H) 1 1 1 1 0
4  [M+H]+ 892.244 876.244 16(O) 1 1 1 1 0

and differentiate it from other polysaccharides. A C O stretching
vibration band of the amide group was seen at 1650 cm−1. N H
deformation and a C N mixture of amide II occurred at 1540 cm−1.
These data suggest the existence of tetrapeptide stems substi-
tuted in the NAM residues. An O H absorption band at 3420 cm−1,
a N H absorption band at 3300 cm−1, a CH2 asymmetric band
at 2930 cm−1 and a C O C band at 1070 cm−1 represented the
polysaccharide residues (probably NAG-(�-1,4)-NAM) in this sam-
ple. The strong absorption peak at 3300 cm−1 may  also represent
peptide stems substituted in the NAM residues, according to the
elucidation by Kacurakova and Wilson (2001). MALDI-TOF/TOF MS
analysis showed that the molecular mass of major PGN oligosac-
charides was  in the 800–900 m/z range. According to PGN  from B.
subtilis, the molecular mass of water-soluble PGN is 875.260 Da,
and the arrows in the PGN structure indicate fragmentation sites
(Fig. 3E and Table 1).

Chemical analysis of the extracellular polysaccharide confirmed
its molecular mass (875.260 Da), the presence of residues of NAG
and probably a NAG-(�-1,4)-NAM band in PGN. However, whether
this information was  accurate in relation to PGN structure could
not be confirmed. Nonetheless, the results obtained with CFW and
FITC provided more information about PGN structure (Fig. 3F). CFW
was used to diagnose and identify the chitinaceous fungal struc-
tures, which can bind to the �-1,3 or �-1,4 polysaccharides, such
as cellulose and chitin in fungi (Rasconi, Jobard, Jouve, & Sime-
Ngando, 2009). The image in Fig. 3F-CFW provides confirmation of
�-glucan in PGN succulus. PGN was  also alkali-insoluble (data not
shown); the same conclusion found for all �-glucans, which are
alkali-insoluble (Johansson, Tuomainen, Ylinen, Ekholm, & Virkki,
2004). FITC is specific for lysine; it was  covalently linked to the end
of the peptides via lysine (Lei, Remy, Labrugere, & Durrieu, 2012).
The amino acid analysis shown in Fig. 3A indicates that this frac-
tion contained lysine. Based on the image in Fig. 3F-FITC, it was
determined that the PGN biofilm contained lysine residue, which
is in keeping with the hypothesis (see MS  analysis) that it is a lysine
residue tetrapeptide (Jullian et al., 2009).

HPLC, NMR, FT-IR discovery, MALDI-TOF/TOF MS  and the amino
acid analysis of PGN provided strong evidence about the presumed
PGN structure. The molecular mass of PGN from L. acidophilus is
consistent with NAG-(�-1,4)-NAM-l-Ala-d-Glu-l-Lys-d-Ala.

Comparing Fig. 4-CFW with Fig. 4-FITC, epifluorescence
microscopy images provided an excellent illustration of the phago-
cytosis processes of RAW 264.7 cells engulfing PGN sacculus during
LPS induction. The ability of LAB to act as a probiotic agent has
been taken advantage of in different foods products. L. casei and
L. acidophilus have been used to defend against many patholog-
ical conditions and diseases (Amdekar et al., 2012). L. sakei and
L. lactis could be used to control the foodborne enterobacteri-
aceae pathogen E. coli ATCC8739 (Hequet et al., 2009). E. coli
can spread to humans through the food chain, posing a poten-
tial risk to human health (Johnson et al., 2007). So far, many
researchers have focused on lactic acid, which were probably the

main molecules implicated in the anti-enterobacterial effect. To
our knowledge, the mechanisms causing the reductions in E. coli
infections shown by L. acidophilus are still unknown. Macrophages
are professional phagocytes that can engulf microorganisms, tissue
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ig. 4. RAW 264.7 cells treated with PGN succulus, PGN was pre-labeled with FITC 

2  h later, and visualized using a Zeiss fluorescence microscope.

ebris and apoptotic cells, performing protective and purification
unctions in tissue repair. Given that E. coli-free LPS induces inflam-

atory responses and contributes to chronic inflammation and
issue injury, we adopted LPS-induced macrophages to study PGN’s
nti-inflammatory capacity (Palmer et al., 2011). iNOS and COX-2

lay a key role in inflammatory responses. As shown in Fig. 5, we
ound a significant decrease in iNOS and COX-2 protein levels when
GN was added in concentrations up to 200 �g/ml. The cause of the
ignificant role of both of the proteins in the inflammatory response

Fig. 5. PGN dose-dependently prevents LPS up-regulated
 and inner cell) before cell was treated. PGN was also labeled with CFW (outer cell)

indicated that PGN has a potential anti-inflammatory capacity on
LPS-induced macrophages (Fig. 6). At the same time, the effect of
PGN on the viability of RAW 264.7 cells was  not affected; viability
went, from 97.22% to 80.18%, which showed that cell growth was
not seriously affected.
PGN derived from L. acidophilus demonstrated a potential role
in response to LPS-induced macrophages. Comparison of the struc-
ture of PGNs of varies kinds of microorganisms showed that the
difference in the third amino acid (l-lysine and Meso-A2pm)  may

 iNOS and COX-2 protein levels in RAW 264.7 cells.
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ig. 6. DIC image of RAW 264.7 cells with different treatments for 24 h. (A) Normal
C)  RAW 264.7 cells incubated with PGN (200 �g/ml). (D) Both LPS and PGN were p

lay a crucial role in the anti-inflammatory capacity of PGN on LPS-
nduced RAW 264.7 cells. More work needs to be done to determine
he mechanism by which PGN acts on RAW 264.7 cells. Based on
he composition of PGN, further investigation should focus on the
ffects of monosaccharides, such as NAG and NAM-tetrapeptides
f PGN, and on the up-stream factors related to inflammatory
acrophages in order to gain more details about probiotic bacteria

nd their effector molecules.
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