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BACKGROUND/OBJECTIVES: Helicobacter pylori (H. pylori) colonization of the stomach mucosa and duodenum is the major cause
of acute and chronic gastroduodenal pathology in humans. Efforts to find effective anti-bacterial strategies against H. pylori
for the non-antibiotic control of H. pylori infection are urgently required. In this study, we used whey to prepare glycomacropeptide
(GMP), from which sialic acid (G-SA) was enzymatically isolated. We investigated the anti-bacterial effects of G-SA against H.
pylori in vitro and in an H. pylori-infected murine model.

MATERIALS/METHODS: The anti-bacterial activity of G-SA was measured in vitro using the macrodilution method, and interleukin-8
(IL-8) production was measured in H. pylori and AGS cell co-cultures by ELISA. For in vivo study, G-SA 5 g/kg body weight
(bw)/day and H. pylori were administered to mice three times over one week. After one week, G-SA 5 g/kg bw/day alone
was administered every day for one week. Tumor necrosis factor-a (TNF-a), IL-13, IL-6, and IL-10 levels were measured by
ELISA to determine the anti-inflammatory effects of G-SA. In addition, real-time PCR was performed to measure the genetic
expression of cytotoxin-associated gene A (cagA).

RESULTS: G-SA inhibited the growth of H. pylori and suppressed IL-8 production in H. pylori and in AGS cell co-cultures in
vitro. In the in vivo assay, administration of G-SA reduced levels of IL-13 and IL-6 pro-inflammatory cytokines whereas IL-10
level increased. Also, G-SA suppressed the expression of cagA in the stomach of H. pylori-infected mice.

CONCLUSION: G-SA possesses anti-H. pylori activity as well as an anti-H. pylori-induced gastric inflammatory effect in an experimental
H. pylori-infected murine model. G-SA has potential as an alternative to antibiotics for the prevention of H. pylori infection
and H. pylori-induced gastric disease prevention.
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INTRODUCTION

Helicobacter pylori (H. pylori) was first discovered in 1982 and
was subsequently found to be an important etiological agent
for chronic gastritis, gastroduodenal ulcer disease, and gastric
malignancy [1,2]. H. pylori is a Gram-negative spiral-shaped
microaerophilic bacterium that colonizes the mucus layer and
adheres to the surface epithelium of the stomach [3].

The initial step in H. pylori infection is penetration and
adherence in the stomach via binding to mucin and gastric
epithelial cells of the gastric antrum through several different
adhesion molecules [4,5]. During H. pylori-gastric epithelial cell
interaction, H. pylori injects the cytotoxin-associated gene A
(cagA) protein directly into epithelial cells, which induces
interleukin-8 (IL-8) production in the host cell. Prolonged IL-8
production during H. pylori infection could result in the

recruitment of chronic leucocytes to infected tissues and can
also lead to the production of pro-inflammatory cytokines (e.g.,
tumor necrosis factor-a [TNF-al, IL-6 and IL-1[3) by the gastric
mucosa from activated inflammatory cells [6-8]. H. pylori-
initiated chronic gastric inflammation is characterized by cagA
upregulation in the gastric tissue, which is largely mediated by
the activation of nuclear factor-kB (NF-xB) as a transcription
factor. The cagA gene is thought to be associated with
gastroduodenal disease [9,10].

Sialic acid (SA, N-acetylneuraminic acid) contains a nine-
carbon backbone and is one of the most diverse sugars found
on glycan chains of the mammalian cell surface. SA plays an
important role in many physiological and pathological
processes in the host including infection control and the
regulation of innate immunity. Microbes have evolved various
strategies to subvert these processes by decorating their surface
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with sialylated oligosaccharides that mimic those of the host
[11,12]. Whey contains a high level of glycomacropeptide (GMP),
and SA can be enzymatically isolated from whey GMP (G-SA).
In this study, we demonstrate preventive effects of G-SA in the
control of H. pylori infection in vitro and in vivo.

MATERIALS AND METHODS

Preparation of sialic acid

Synthetic sialic acid (S-SA) was obtained from Marukin Bio,
Inc. (Kyoto, Japan) and contained 99.9% SA. G-SA was obtained
from Hanilbiomed, Inc. (Gwangju, Korea) and was enzymatically
isolated from glycomacropeptide (GMP, Murray Goulburn
Co-Operative Co., Ltd, Victoria, Australia). 7% (w/v) NatraPrep
GMP containing 7% SA dissolved in the distilled water, and the
pH of the solution was adjusted to 7.0, 0.2% protease (Nov-
ozymes Korea Ltd, Seoul, Republic of Korea) was added to GMP
solution, and the solution was incubated for 1 h at 57°C for
the hydrolysis through enzyme reaction. Concentration of G-SA
was determined by high-performance liquid chromatography
(HPLC, Agilent Technologies, Santa Clara, CA, USA) analysis. A
7% G-SA solution was used as stock to prepare a 0.05% to 1%
concentration gradient that contained final sialic acid concen-
trations of 0.0035%, 0.007%, 0.0175%, 0.035%, 0.052%, and 0.07%.

Bacterial strains and cultures

H. pylori Sydney strain (SS)-1 was kindly provided by the
Helicobacter pylori Korean Type Culture Collection (HpKTCC,
Jinju, Republic of Korea) and was cultured in Brucella broth
(Difco Laboratories, Detroit, MI, USA) with 10% fetal bovine
serum (FBS, Hyclone Laboratories, Logan, Utah, USA) with
antibiotics (20 pg/mL vancomycin, 20 pg/mL trimethoprim) and
was incubated for 72 h under a microaerobic environment.

Cell culture and bacterial co-cultures

The AGS human gastric adenocarcinoma cell line (KCLB
21739) was purchased from the Korean Cell Line Bank (KCLB,
Seoul, Republic of Korea). The cells were cultured in RPMI-1640
medium (Gibco, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin,
and 100 pg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA)
at 37°C in an atmosphere of 5% CO,. For co-culture of H. pylori
and AGS cells, AGS cells were seeded in 24-well cell culture
plates at 2 x 10° cells per well. H. pylori and AGS co-culture
experiments were performed at a multiplicity of infection (MOI)
of 100 and were co-cultured for 2 h, 4 h, and 6 h in the absence
or presence of SA in a CO, incubator. After each time point,
the culture supernatants were collected and stored at -20°C
until use.

Cell viability

Cell viability was assessed using 3-(4,5-dimethylthiazol-2yl)-
2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis,
MO, USA). AGS cells were cultured with SA at various concent-
rations. After incubation for 24 h, 20 pyL of MTT solution (5
mg/mL in phosphate buffer saline (PBS) as stock solution) was
added to each well, and the cells were incubated at 37°C for
4 h. The supernatants were removed, and dimethyl sulfoxide

(DMSO) was then added to each well. The plates were analyzed
at 560 nm to determine the percentage of viable cells.

In vitro antibacterial activity

H. pylori were grown in Brucella broth under a microaerobic
environment for 72 h and collected in mid-log phase. H. pylori
(50 uL of 1x 10" CFU/mL) were serially diluted with SA into
2 mL of Brucella broth. After incubation for 24 h, 50 pL of each
diluted suspension was spread onto Brucella agar, and the
plates were incubated for 72 h under microaerobic conditions.
Viability was evaluated by determining the number of colony
forming units (CFU), and the results are presented on a
logarithmic scale.

Animal experiments

The Experimental Animal Ethics Committee of Dankook
University (No DKU14-036) approved the experimental procedures
in this study. Specific pathogen-free (SPF) male ICR mice (20-22
g, 5-weeks-old) were purchased from Orient Bio (Daejeon,
Republic of Korea). All the animals were housed in an SPF
environment and had free access to sterile neutral water and
standard mouse feed. Thirty-two mice were randomly divided
into 4 groups of 8 mice each. The mice in the experimental
group were treated with S-SA or G-SA 5 g/kg body weight
(bw)/day and 1 x 10° CFU of H. pylori three times per week;
after one week, SA only was administered every day for one
week. Uninfected control mice received distilled water only.

Measurement of cytokines

The expression levels of TNF-q, IL-1[3, IL-6, and IL-10 in serum
were measured using an enzyme-linked immunosorbent assay
(ELISA, R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The assay was performed in triplicate.

Measurement of cagA expression in the gastric tissue

Small pieces of gastric tissue from the antrum and stomach were
homogenized in lysis buffer including 1% [3-mercaptoethanol.
Total mRNA was isolated from the gastric tissue lysate using
the PureLink™ RNA mini kit (Ambion Life Technologies, Carlsbad,
CA, USA), and cDNA was synthesized using the iScript™ cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA). To quantify mRNA
expression, real-time polymerase chain reaction (PCR) was
performed using a LightCycler System (Jena Bioscience, Jena,
Germany). The cDNA was amplified for 40 cycles of denaturation
(95°C for 30 s), annealing (58°C for 30 s), and extension (72°C
for 45 s) using the following primers: GAPDH forward primer
5'-GTC-TTC-ACC-ACC-ATG-GAG-AAG-GCT-3', reverse primer 5'-
CAT-GCC-AGT-GAG-CTT-CCC-GTT-CA-3’; and cagA forward primer
5'-GCT-TAC-CGC-CTG-AAG-CTA-GG-3', reverse primer 5-CCT-
TTC-TCA-CCA-CCT-GCT-ATG-3". Concomitantly, amplification of
control mouse GAPDH was performed on the same samples
to assess RNA integrity.

Statistical analysis

Data are expressed as mean + SD. Eradication rates were
compared among groups by one-way ANOVA (Kruskal-Wallis)
and Dunn'’s multiple comparison test (GraphPad Software, Inc.,
La Jolla, CA). P<0.05 was considered statistically significant.
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RESULTS

Effect of G-SA on the viability of human gastric epithelial cells
The viability of G-SA-treated AGS cells was significantly
decreased by 75% (P < 0.05), whereas S-SA had no effect on
AGS cells (Fig. 1). Therefore, S-SA and G-SA treatments between
0.05 and 0.5% were used in the subsequent experiments.

In vitro anti-bacterial activity of G-SA against H. pylori

The anti-bacterial activity of G-SA against H. pylori was
evaluated using the macrodilution method. H. pylori cultures
were incubated for 24 h in the presence of the G-SA at
concentrations ranging from 0.1 to 0.5%. G-SA significantly
decreased the number of colonies in 0.5% G-SA (P < 0.05) that
contained a final concentration of 0.035% SA compared to 0.5%
S-SA that contained 0.5% SA (Fig. 2). These results suggest that
G-SA possess anti-bacterial activity similar to that of S-SA.
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Fig. 1. Effects of G-SA on AGS cell viability. Cells were incubated with various
concentrations of SA for 24 h, after which cell viability was measured using MTT assay,
Data are presented as growth rate of cells cultured in the presence of SA compared to
the percentage of untreated control cells, taken as 100%, Data are expressed as mean
+ SD (n=3), Significant differences were determined using Duncan’s multiple range test
at P<0,05, S-SA, synthetic sialic acid; G-SA, enzymatically isolated sialic acid from GMP,
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Fig. 2. The anti-bacterial activity of G-SA was evaluated by the macrodilution
method, and the results are shown on a logarithmic scale. The experiments were
carried out using three different SA concentrations (0.1%, 0.25%, 0.5%). Data are
expressed as mean + SD (n = 8), Significant differences were determined using Duncan’s
multiple range test at £< 0,05, S-SA, synthetic sialic acid; G-SA, enzymatically isolated
sialic acid from GMP,

Effect of G-SA on H. pylori induction of IL-8 production by epithelial
cells

In this study, we evaluated the effect of G-SA on H. pylori-
induced IL-8 production from AGS cells for different time
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Fig. 3. Effect of G-SA on H. pylori adhesion to host human epithelial cells. AGS
cells were infected with A pylori SS1 inocula exposed to SA for (A) 2 h, (B) 4 h, and
() 6 h at a multiplicity of infection (MOI) of 100:1 (H pylorfAGS). Supermnatants from A
pylori infected-AGS cells were collected and used to determine IL-8 concentration as
evaluated by ELISA, Data are expressed as mean =+ SD (n=3). Significant differences
were determined using Duncan’s multiple range test at £<0,05, * £<0,05 compared with
unexposed cells, * < 0,05 compared with H, pylori inoculation control, S-SA, synthetic
sialic acid; G-SA, enzymatically isolated sialic acid from GMP,
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Table 1. Body weight change in H. pylori-infected ICR mice receiving G-SA
treatment

H. pylori-infected mice

Group
NC Sham S-SA G-SA
Initial body weight (g) 26.0+057 266+040 259+0.52 268+1.32
Final body weight (g) 323+233 31.7+1.00 275+0.10 33.5%1.80

Normal control (NC), no infection; Sham, experimental A pylori infection; S-SA,
experimental A pylori infection + synthetic sialic acid (5 g/kg bw/day); G-SA,
experimental A pylori infection + enzymatically isolated sialic acid from GMP (5 g/kg
bw/day). Data are expressed as mean = SD (n=8). Significant differences were
determined using Duncan’s multiple range test at ~<0.05,

periods. We found that H. pylori with 2 to 6 h of 0.5% G-SA
exposure retained the ability to induce IL-8 secretion, similar
to unexposed cells (Fig. 3). The H. pylori-induced IL-8 production
in 0.5% S-SA-treated cells was not different compared with H.
pylori control, whereas in 0.5% G-SA-treated cells was strongly
inhibited by > 95% compared with H. pylori control during the
infection period (2 to 6 h). Thus, H. pylori-induced IL-8 produc-
tion was more strongly inhibited by G-SA than S-SA. G-SA might
inhibit IL-8 production in the H. pylori-infected gastric epithelium
through its anti-bacterial activity against H. pylori. One possible
explanation is that G-SA directly inhibits the growth of colonized
H. pylori on AGS cells during the short infection period (2 to
6 h) and indirectly reduces bacterial provocation of host cell
inflammation. This possibility is supported by our results in the
antibacterial susceptibility test of G-SA against H. pylori (Fig. 2).

Body weight changes by H. pylori infection in mice

After administration of G-SA, normal physical conditions and
clinical signs were observed in all groups during the experimental
period. All mice were weighed before oral H. pylori infection
on day 0 and after oral H. pylori infection day 21. There was
no significant difference in total body weight gain or average
daily food intake between the G-SA group and sham group
over the experimental period (Table 1). However, the S-SA
group was observed to be cachexic and lost approximately 13%
body weight compared to the sham group.

Effects of G-SA on pro-inflammatory cytokines

The levels of the pro-inflammatory cytokines TNF-q, IL-13, and
IL-6 were significantly increased in the sham group compared
with the normal control group (P < 0.05) (Fig. 4). Both IL-13 and
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Fig. 5. Effect of G-SA on cagA expression in H. pylori-infected gastric tissue. The
mRNA level of cagA was determined by real-time PCR, NC, normal control, no infection;
Sham, experimental A pylori infection; S-SA, experimental A pylor infection + synthetic
sialic acid (5 g/kg bw/day); G-SA, experimentally ~ pylor infection + enzymatically isolated
sialic acid from GMP (5 g/kg bw/day). Data are expressed as mean = SD (n=8),
Significant differences were determined using Duncan’s multiple range test at 2< 0,05,
#P<0.05 compared with NC group, * P<0,05 compared with sham group.,

IL-6 levels decreased significantly in the S-SA and G-SA groups
compared with the sham group (P<0.05). There was no
significant between-group difference in these parameters in the
S-SA and G-SA groups; however, TNF-a level was not signifi-
cantly different among any of the sham or SA-administrated
groups. In addition, anti-inflammatory cytokine IL-10 was signifi-
cantly increased in the G-SA group compared with the sham
group. These findings suggest that G-SA reduces severe
gastropathy in H. pylori-infected mice, and that G-SA action is
independent of pro-inflammatory cytokine downregulation
and/or anti-inflammatory cytokine upregulation.

Effect of G-SA on cagA expression in H. pylori-infected mice
We determined whether G-SA affects the expression of the
cagA virulence factor gene in the gastric antrum of H. pylori-
infected mice by real-time PCR. As shown in Fig. 5, cagA
expression was significantly increased in the sham group
compared with that in the normal control group (P < 0.05). In
contrast, a significant decrease in cagA expression was observed
in the G-SA group compared with that of the sham group (P
<0.05). These results suggest that G-SA suppresses the
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Fig. 4. Effects of G-SA on pro-inflammatory cytokine levels in the serum of H. pylori-infected mice. (A) TNF-a, (B) IL-18, (C) IL-6, and (D) IL-10 concentrations were determined
by enzyme-linked immunosorbent assay (ELISA), Normal control (NC), no infection; Sham, experimental A pylori infection; S-SA, experimental A pylori infection + synthetic sialic acid (5 g/kg
bwy/day); G-SA, experimentally A pyiori infection + enzymatically isolated sialic acid from GMP (5 g/kg bw/day). Data are expressed as mean = SD (n=8), Significant differences were
determined using Duncan’s multiple range test at £<0.05, * P<0.05 compared with NC group. * P<0.05 compared with sham group.
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expression of this major pathogenic virulence factor in H. pylori.

DISCUSSION

Non-antibiotic therapies, including phytochemicals, probiotics,
and antioxidants, have been increasingly investigated as
potential alternatives for the treatment of H. pylori [13,14].
Despite many studies of H. pylori treatment, the ideal regimen
for treating the infection has not been found.

Yang JC et al. [15] showed that SA alone did not demonstrate
anti-H. pylori effects, whereas treatment with catechins/SA led
to synergistic anti-H. pylori activity. In contrast, we evaluated
the in vitro efficacy of SA isolated from the GMP of whey for
the treatment of H. pylori. We confirmed that H. pylori growth
was significantly inhibited by 0.5% G-SA that contained 0.014%
SA. According to our results, the anti-bacterial activity of SA
isolation from GMP derived from the whey of milk on H. pylori
is novel.

The pathogenesis of H. pylori is contributed by many virulence
factors, including cagA gene expression. H. pylori infection with
cagA-positive strains might result in severe gastric inflammation
and gastric cancer [16]. The initial step in H. pylori infection
is penetration and adherence in the stomach, followed by cagA
translocation into the epithelial cells [4,5]. cagA affects
expression of the chemotactic cytokine IL-8 in gastric epithelial
cells, and IL-8 plays an important role in recruiting and
activating neutrophils. Several studies have found that gastric
mucosal levels of cagA and IL-8 correlate with histological
severity in patients with H. pylori-induced gastritis [17]. Thus,
cagA and IL-8 may be components of the inflammatory cascade.

In the present study, we used a mouse model infected with
H. pylori SS-1 [18] to examine the preventive effects of G-SA
on cagA-mediated inflammation by H. pylori. We found that
cagA mRNA level was significantly increased in the stomach of
the sham group compared with that of the normal control
group. However, the administration of G-SA significantly
decreased cagA mRNA expression level in the stomach
compared with that in the sham group.

H. pylori leads to increased production of IL-8 by epithelial
cells when in close contact with the gastric mucosa [19]. We
investigated the ability of H. pylori to induce inflammation by
evaluating the IL-8 secretion from AGS cells infected with H.
pylori (MOI of 100) exposed to G-SA for different time periods.
We found that G-SA repressed IL-8 secretion in the epithelial
cells. In addition, G-SA suppressed IL-8 secretion to lower levels
compared with S-SA. Simon PM et al. [20] demonstrated that
SA-containing oligosaccharides (3'-sialyllactose) inhibited the
ability of H. pylori to bind to epithelial cells in vitro. According
to these findings, we suggest that the reduced IL-8 production
could be attributed to the G-SA-induced inhibition of bacterial
binding to the gastric epithelium through control of cagA gene
expression.

During H. pylori infection, upregulation of cagA-mediated IL-8
produced pro-inflammatory cytokines (TNF-q, IL-6, and IL-1[3)
in the gastric mucosa, which was derived from activated
inflammatory cells via the inflammatory NF-xB and mitogen-
activated protein kinase (MAPK) signaling pathways [6-8]. Several
studies have also demonstrated that TNF-q, IL-6, and IL-13 play

important roles in the progression of pyloric gastritis in H.
pylori-infected gerbils [21]. We found that the production of
pro-inflammatory cytokines TNF-a, IL-1[3, and IL-6 was signifi-
cantly increased in the sham group compared with that in the
normal control group. IL-13 and IL-6 levels were significantly
decreased in the G-SA group compared with those in the sham
group. However, TNF-a level was not significantly different in
the G-SA group compared with that in the sham group. Several
reports demonstrated reverse role of TNF-a in immunity. For
example, In the H. pylori-induced gastritis in in vivo animal
model system, Yamamoto T et al. [22] demonstrated no effect
on the grade of gastritis in TNF-a-deficient mice compared with
isogenic wild-type controls. Also, Thalmaier U et al. [23] reported
that there was no detectable difference in the grade or activity
of gastritis in TNF-R1-deficient mice when they were compared
with wild-type mice. Thus, gastric inflammation in H. pylori
infection seems to be independent of the function of the TNF-a.
Our results are in agreement with their results. We are expecting
no change in TNF-a by independent pathway in H. pylori-
induced in in vivo mice model.

IL-10 is a potent anti-inflammatory cytokine with a variety
of biological effects, including inhibition of other pro-inflam-
matory cytokines and chemokines in H. pylori-induced gastritis
[24,25]. Berg DJ et al. [26] have reported that H. pylori infection
is supported by the recent observation of the rapid develop-
ment of severe hyperplastic gastritis in Helicobacter felis-
infected IL-10 (-/-) knockout mice. IL-10 was significantly increased
in the G-SA group compared with that in the sham group,
indicating that the enhanced IL-10 level reduce local immune
responses against mucosal infection by H. pylori.

In summary, during H. pylori infection, bacteria first attach
to surface mucous cells of the gastric mucosa, an attachment
facilitated by binding of the H. pylori adhesion molecule, sialic
acid-binding adhesin (SabA) via SA [27]. Recently, H. pylori draws
special attention, because its SabA is involved in its binding
to oral and gastric mucins [27], which contained O-glycans with
terminal al,4-linked GIcNAc residues (including SA) and
secreted from gland mucous cell [28]. Lee H et al. [29] reported
that a1,4-GIcNAc-capped O-glycans suppress H. pylori growth.
In addition, a combination of SA and catechins in the diet was
shown to prevent H. pylori infection to decrease the bacterial
load and inflammation in mouse stomach [15]. We suggest that
inhibition of H. pylori binding to gastric epithelial cells through
inhibition of SabA adhesion on H. pylori by G-SA (containing
SA) isolation from GMP derived from the whey of milk. Thus,
supplementation of G-SA could serve as potent anti-adhesion
components against H. pylori. However, the anti-adhesion effect
of G-SA needs a further study. G-SA may be used as a possible
tool for the management of H. pylori infection.
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