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Infections with Salmonella are a serious medical 
and veterinary problem. Enteritis is the most 
common form of salmonellosis. Ingested bacteria 
penetrate through the intestinal epithelium and 
invade host cells, especially macrophages. If local 
immune mechanisms are insufficient to limit 
infection to intestinal mucosae and Peyer’s patches, 
infection can spread systemically to mesenteric 
lymph nodes and other organs. 

Host resistance to Salmonella relies initially 
on the production of inflammatory cytokines 
(reviewed by Trebichavský, 1999; Eckmann and 
Kagnoff, 2001; Mastroeni, 2002). We have recently 
described a cytokine response of gnotobiotic piglets 
to oral Salmonella infection (Šplíchal et al., 2002). 
Bacterial lipopolysaccharide represents one of the 
most potent inducers of inflammatory cytokines.

Gnotobiotic piglets with defined gut microflora 
are a unique animal model for studies of host 
interactions with enteric pathogens (Barrow et 

al., 2001). It is known that enterocyte response to 
chemokine is a prerequisite for a fast migration of 
neutrophils that protect gut mucosae infected with 
Salmonella (Santos et al., 2002). In the course of 
infection with virulent Salmonella typhimurium, 
enterocyte membrane is damaged by the lipid 
peroxidation leading to a loss of cell viability 
(Mehta et al., 1998a). us, enzyme activity of 
enterocytes could extend our understanding of one 
of the pathological mechanisms that occur in the 
gut epithelium infected with Salmonella.

Brush border enzyme activities are an important 
characteristic of normal intestinal epithelial func-
tion. e development of digestive enzymes may 
be influenced by factors of external environment, 
mainly by bacterial association. To our knowledge, 
enzymes of Salmonella infected enterocytes have not 
been studied to a significant extent. In this study, 
we have used gnotobiotic piglets for measuring of 
plasma lipopolysaccharide and activities of specific 
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enterocyte brush border enzyme activities after 
infection with S. typhimurium.

MATERIAL AND METHODS

Animals

irty six germ-free piglets of miniature 
Minnesota-derived breed were delivered by hyster-
ectomy, held in sterile isolators and fed autoclave-
sterilised milk used for feeding gnotobiotic piglets 
(Mandel, 1997). Twenty six piglets were infected in 
the age of one week either with virulent LT2 strain 
of Salmonella Typhimurium or with the SF1591 
rough mutant of Salmonella Typhimurium and 
were kept in fibreglass isolators for next 6 hours 
(six piglets infected with LT2 strain and six piglets 
infected with SF1591 mutant) or 24 hours (eight 
piglets infected with LT2 strain and six piglets in-
fected with SF1591 mutant). Ten piglets served as 
germ-free non-infected controls. 

Bacterial strains, culture media and growth 
conditions

Bacteria were described previously (Dlabač et al., 
1997). Briefly, the LT2 strain was highly virulent 
for germ-free piglets but of a low virulence for con-
ventional piglets. e SF1591 was a stable rough 
mutant of Ra chemotype with a deletion in the His 
locus and with complete polysaccharide content of 
lipopolysaccharide (courtesy of Dr. O. Lüderitz, 
Max-Planck Institute for Immunobiology, Freiburg 
in Breisgau, Germany). e latter microorganism 
was non-pathogenic but highly penetrate in germ-
free piglets and protective against subsequent infec-
tion of piglets with virulent LT2 strain. 

Bacteria were freshly prepared (24 h at 37oC) 
on meat-peptone agar (the base for the blood agar 
No. 2, Immuna, Šarišské Michaľany, Slovakia) and 
diluted in PBS. e optical density of bacterial 
suspension was measured at 550 nm and the dose 
was calculated from a calibration curve. Piglets were 
infected by nipple-feeding with milk diet contain-
ing the bacteria at a dose of 108 CFU per piglet. 
Animals were sacrificed by exsanguination under 
halothane anaesthesia 6 or 24 hours after oral in-
fection. Experiments were approved by the Ethical 
Committee of the Institute according to the rules 
of the Animal Act.

Plasma collection

Peripheral blood was collected in a syringe with 
sodium citrate as an anticoagulant. Blood samples 
were centrifuged at 800 g and 4°C for 10 min. All 
plasma samples were immediately frozen and kept 
at –70°C until use.

Plasma levels of bacterial lipopolysaccharide

Plasma LPS was measured in all experimental 
piglets by a Kinetic-QCL limulus amebocyte lysate 
kit (Bio Whittaker, Walkersville, MD, USA). e 
Kinetic-QCL Reader with Kinetic-QCL Software, 
Kinetic-QCL Reagent, LAL Reagent Water, E. coli 
O55:B5 endotoxin standards and disposable endo-
toxin-free dilution tubes were used according to 
manufacturer’s instructions.

Preparation of enterocyte brush-border 
membrane vesicles (BBMV)

Brush-border membranes were prepared from 
small bowel scrapings of 24 gnotobiotic piglets 
(ten germ-free piglets and fourteen piglets infected 
for 24 hours) essentially according to Kessler et al. 
(1978). Briefly, the jejunum and the ileum were 
flushed with ice-cold saline and the mucosal layer 
was gently scraped off. BBMV were obtained by 
calcium precipitation in the cold for 20 min us-
ing solid CaCl2 added to the homogenate (1:100 
in 50 mmol/l mannitol, 2 mmol/l TRIS) in a final 
concentration of 10 mmol/l. e homogenate 
was left to stand in the cold (4°C) for 20 min 
and then centrifuged (2 000 g, 15 min) to spin 
down cell organelles. e supernatant was centri-
fuged (100 000 g, 1 h, 4°C) and the pellet was 
resuspended in 0.5% Zwittergent 3–14 detergent 
(Calbiochem, USA) in 10 mmol/l KCl. After mem-
brane solubilization and centrifugation (100 000 g, 
30 min, 4°C), the supernatant was used for further 
examination.

Enzyme activity measurements

Following brush border enzymes were chosen 
as representative members of two groups – diges-
tive enzymes and peptidases that are very sensitive 
to bacterial association. Enzyme activities were 
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determined as previously described (Kozáková 
et al., 2001). Briefly, lactase (EC 3.2.1.23/62/
108), sucrase (EC 3.2.1.48/10) and glucoamy-
lase (EC 3.2.1.20/3) activities were determined 
with 50 mmol/l lactose (Kraml et al., 1972) and 
50 mmol/l sucrose or 12 g/l starch as substrates 
(Kolínská and Kraml, 1972), respectively. Alkaline 
phosphatase (EC 3.1.3.1) activity was determined 
with 0.1 mol/l 4-nitrophenyl phosphate as substrate 
in Tris-HCl buffer pH 8.5. Liberated 4-nitrophenol 
was measured at 405 nm using the TestKit (Lachema, 
Czech Republic). e activity of dipeptidyl pepti-
dase IV (DPP IV, EC 3.4.14.5) was determined with 
1.4 mmol/l glycyl-L-proline 4-nitroanilide (Sigma) 
in 66 mmol/l Tris-HCl buffer pH 8. e reaction 
was stopped with 1 mol/l sodium acetate buffer pH 
4.2 and the released 4-nitroanilide (donor substrate) 
was measured at 405 nm (Nagatsu et al., 1976). 

e activity of γ-glutamyl transpeptidase (GGT, 
EC 2.3.2.2) was determined with 7 mmol/l 5-L 
glutamic acid 4-nitroanilide (donor substrate), 0.1 
mol/l glycylglycine pH 8.2 (acceptor substrate) and 
0.1 mol/l NaCl (activator). Released 4-nitroaniline 
was measured at 405 nm (ompson and Meister, 
1976). Enzyme activities were expressed in nkat/mg 
protein.

Total protein concentration in BBMV was de-
termined according to Lowry using bovine serum 
albumin (Serva, Germany) as standard.

Statistical analysis

e results were expressed as means ± SEM. 
Statistical analysis was performed using SigmaStat 

(Jandel Corporation). Multiple-comparison proce-
dures were made by One-Way Analysis of Variance 
(ANOVA) with the Student-Newman-Keuls 
method.

RESULTS

Plasma levels of lipopolysaccharide

e concentrations of LPS (bacterial lipopolysac-
charide) in plasma confirmed a rapid translocation 
of bacteria in gnotobiotic piglets (Table 1). e 
mean levels of LPS were higher after the infection 
with the virulent LT2 strain than after the infection 
with non-pathogenic SF1591 mutant of Salmonella 
typhimurium. e difference between both strains, 
however, was not statistically significant.

Brush border enzymes in the small bowel of 
gnotobiotic piglets

e specific activities of glucoamylase and su-
crase were low in both the jejunum and ileum of 
7-day-old gnotobiotic piglets. In comparison with 
germ-free control, specific activities of lactase, 
dipeptidylpeptidase IV and alkaline phosphatase 
were not significantly affected with Salmonella as-
sociation (Table 2). On the other hand, Salmonella 
infection caused a marked reduction of GGT activ-
ity. is decrease was highly significant (P < 0.001) 
in both the jejunum and ileum after colonization 
with the virulent strain and in the ileum also after 
infection with the rough mutant (Figure 1).

Table 1. Concentrations of lipopolysaccharide in plasma of gnotobiotic piglets infected with Salmonella typhimu-
rium

Animal groups
LPS level in plasma in EU/ml ± SEM

6 h 24 h 

Germ-free controls* 0.9 ± 0.1 0.9 ± 0.1

S. typhimurium SF1591 infected 6.5 ± 2.9 46.7 ± 42.7

S. typhimurium LT2 infected 10.2 ± 4.2 64.0 ± 36.5

*e mean of all non-infected controls. e difference between non-pathogenic SF1591 mutant and virulent strain 
and the difference between controls and animals infected for 6 h are not statistically significant
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DISCUSSION 

Gnotobiotic piglets are immunologically imma-
ture animals that are very sensitive to colonization 
with bacteria (Rejnek et al., 1968; Barrow et al., 
2001). Both microorganisms used in this study 
colonized the whole gastrointestinal tract of orally 
infected germ-free piglets as early as six hours af-
ter infection and caused septicaemia one day after 
the infection (Trebichavský, 2000). ese results 
correlated with the present finding of bacterial 

lipopolysaccharide in circulation of all infected 
piglets. We recently found that virulent LT2 strain 
of Salmonella typhimurium increased the level of 
IFN-γ, TNF-α and IL-1β in the intestinal washings 
of monoassociated piglets 24 h but not 6 h after 
infection (Šplíchal et al., 2002). ese cytokines 
that are produced in some intestinal inflammatory 
diseases affect the expression of important brush 
border membrane markers such as sucrase-isoma-
ltase (Ziambaras et al., 1996). No effect of infec-
tion with Salmonella typhimurium was observed 

Table 2. Effect of oral infection with Salmonella typhimurium on specific activities of enterocyte brush border 
enzymes (nkat/mg protein) in pig jejunum and ileum

GA S LAC DPP AP

Jejunum

GF 0.4 1.8 27.4 5.6 19.1

SF1591 0.3 0.4 18.5 5.8 20.8

LT2 0.3 0.9 27.2 6.3 18.6

Ileum

GF 0 0.6 1.4 3.9 6.5

SF1591 0 0.4 1.4 5.8 9.6

LT2 0 0.1 3.2 4.6 5.9

GF   = germ-free piglets                                  DPP      = dipepti  dylpeptidase IV
GA    = glucoamylase                                       AP        = alkaline phosphatase
LAC  = lactase                                                  SF1591 = piglets infected for 24 hrs with R mutant 
S       = sucrase                                                  LT2      = piglets infected for 24 hrs with virulent strain

Figure 1. Effect of oral infection with Salmonella typhimurium on γ-glutamyltranspeptidase (GGT) activity in 
enterocyte brush border membrane vesicles of gnotobiotic piglets 

GF       = germ-free piglets
SF1591 = piglets infected for 24 hrs   
                with R mutant
LT2      = piglets infected for 24 hrs   
                with virulent strain
mean levels ± SEM, *P < 0.001
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on specific activities of intestinal disaccharidases. 
Similarly, Kaouass et al. (1997) did not detect any 
effect on sucrase activity in neonatal rats injected 
with TNF-α. 

Significant decrease of gamma-glutamyl trans-
peptidase (GGT) activity after infection of gnotobi-
otic piglets with salmonellae can be partly explained 
by the stimulation of immune signalling molecules 
and by increased cellular renewal. e decrease of 
GGT activity of enterocyte brush borders was ob-
served also in the jejunum of gnotobiotic mice af-
ter the association with Bifidobacterium bifidum for 
eleven days (Kozáková et al., 2001). e decrease 
of GGT activity in infected pig small bowel was, 
however, more rapid and was greater after infection 
with the virulent strain than after infection with the 
rough mutant and it was greater in the ileum – the 
site of Salmonella penetration, than in the jejunum. 
erefore, changes of GGT activity correlated with 
the infection. e GGT participates in homeostasis 
of glutathione – one of the most abundant thiols in 
mammalian tissues that plays an important role in 
detoxifying free radicals and combating oxidative 
stress. e mucosal pathology of Salmonella may 
in part be due to the excessive production of reac-
tive oxygen species. Mehta et al. (1998b) found a 
significant decrease of glutathione reductase activity 
and enterocyte-reduced glutathione in enterocytes 
isolated from ligated loops with live Salmonella 
typhimurium. 

Studies of biochemical changes that occur in gut 
mucosae infected with virulent salmonellae help us 
to understand the interactions between this enteric 
pathogen and the host and to elucidate the mecha-
nisms of Salmonella enteritis.

Acknowledgements

We thank Marie Zahradníčková, Jarmila 
Jarkovská, Jaroslava Štěpařová and Alena Smolová 
for their excellent assistance. 

REFERENCES

Barrow P.A., Page L., Lovell M.A. (2001): e virulence 
for gnotobiotic piglets of live attenuated strains of 
Salmonella enterica serovar Typhimurium and Enteri-
tidis. Vaccine, 19, 3432–3436.

Dlabač V., Trebichavský I., Řeháková Z., Hofmanová 
B., Šplíchal I., Cukrowska B. (1997): Pathogenicity 

and protective effects of rough mutants Salmonella 
species in germ-free piglets. Infect. Immun., 65, 
5238–5243.

Eckmann L., Kagnoff M.F. (2001): Cytokines in host 
defence against Salmonella. Microbes Infect., 3, 
191–200.

Kaouass M., Deloyre P., Gouders I., Peulen O., Dand-
rifosse G. (1997): Role of interleukin-1 beta, interleu-
kin-6 and TNF-alpha in intestinal maturation induced 
by dietary spermine in rats. Endocrinology, 6, 187–
194.

Kessler M., Acuto O., Storelli C., Murer H., Müller M., 
Semenza G. (1978): A modified procedure for the 
rapid preparation of efficiently transporting vesicles 
from small intestinal brush border membranes. eir 
use in investigating some properties of D-glucose and 
choline transport systems. Biochim. Biophys. Acta, 
506, 136–154.

Kolínská J., Kraml J. (1972): Separationof sucrase-iso-
maltase and of glucoamylase of rat intestine. Biochim. 
Biophys. Acta, 258, 235–247.

Kozáková H., Řeháková Z., Kolínská J. (2001): Bifido-
bacterium bifidum monoassociation of gnotobiotic 
mice: effect on enterocyte brush-border enzymes. 
Folia Microbiol., 46, 573–576.

Kraml J., Kolínská J., Ellederová D., Hiršová D. (1972): 
β-glucosidase (phlorizin hydrolase) activity of the 
lactase fraction isolated from the small intestinal mu-
cosa of infant rats, and the relationship between β-glu-
cosidases and β-galactosidases. Biochim. Biophys. 
Acta, 258, 520–530.

Mandel L. (1997): Rearing of germ-free pigs. In: Lefko-
vits I. (ed.): Immunology Methods Manual, Academic 
Press, London, 1544–1546. 

Mastroeni P. (2002): Immunity to systemic Salmonella 
infections. Curr. Mol. Medicine, 2, 393–406.

Mehta A., Sigh S., Ganguly N.K. (1998a): Role of reac-
tive oxygen species in Salmonella typhimurium-induced 
enterocyte damage. J. Scand. Gastroentrol., 33, 406-
414.

Mehta A., Sigh S., Ganguly N.K. (1998b): Impairment 
of intestinal mucosal antioxidant defense system dur-
ing Salmonella typhimurium infection. Dig. Dis. Sci., 
43, 646–651.

Nagatsu T., Hino M., Fuyamaha H., Hayakawa T., 
Sakakibara S., Nakagawa Y., Takemoto T. (1976): New 
chromogenic substrates for X-prolyl dipeptidylami-
nopeptidase. Anal. Biochem., 74, 466–476.

Rejnek, J., Trávníček J., Kostka J., Šterzl J., Lanc A. 
(1968): Study of the effect of antibodies on the intes-
tinal tract of germ-free baby pigs. Folia Microbiol., 13, 
36–42.



Original Paper                                                                       Vet. Med. – Czech, 47, 2002 (10–11): 289–294

294

Santos R.L., Zhang S., Tsolis R.M., Baumler A.J., Adams 
L.G. (2002): Morphologic and molecular characteriza-
tion of Salmonella typhimurium infection in neonatal 
calves. Vet. Pathol., 39, 200–215.

Šplíchal I., Trebichavský I., Muneta Y., Mori Y. (2002): 
Early cytokine response of gnotobiotic piglets to Sal-
monella enterica serotype Typhimurium. Vet. Res., 33, 
291–297. 

ompson,G.A., Meister A. (1976): Hydrolysis and 
transfer reactions catalyzed by γ-glutamyl transpepti-
dase: evidence for separate substrate sites and for high 
affinity of L-cystine. Biochem. Biophys. Res. Com-
mun., 71, 32–36.

Trebichavský I. (1999): Cytokines in Salmonella infec-
tion. Folia Microbiol., 44, 457–460.

Trebichavský I. (2000): Early immunological events in 
germ-free piglets monoassociated with non-pathogenic 
or virulent strain of Salmonella typhimurium. Vet. 
Med. – Czech, 45, 125–128.

Ziambaras T., Rubin D.C., Perlmutter D.H. (1996): 
Regulation of sucrase-isomaltase gene expression in 
human intestinal epithelial cells by inflammatory cy-
tokines. J. Biol. Chem., 271, 1237–1242.

Received: 02–10–29
Accepted after corrections: 02–12–05

Corresponding Author

Ilja Trebichavský, Institute of Microbiology of the Academy of Sciences of the Czech Republic, 
549 22 Nový Hrádek, Czech Republic
Tel. +420 491 478 216, fax +420 491 478 264, e-mail: treb@biomed.cas.cz 


