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Gram-negative bacteria are important food spoilage and pathogenic bacteria. Their unique outer
membrane (OM) provides them with a hydrophilic surface structure, which makes them inherently
resistant to many antimicrobial agents, thus hindering their control. However, with permeabilizers,
compounds that disintegrate and weaken the OM, Gram-negative cells can be sensitized to several
external agents. Although antimicrobial activity of plant-derived phenolic compounds has been widely
reported, their mechanisms of action have not yet been well demonstrated. The aim of our study
was to elucidate the role of selected colonic microbial metabolites of berry-derived phenolic compounds
in the weakening of the Gram-negative OM. The effect of the agents on the OM permeability of
Salmonella was studied utilizing a fluorescence probe uptake assay, sensitization to hydrophobic
antibiotics, and lipopolysaccharide (LPS) release. Our results show that 3,4-dihydroxyphenylacetic
acid, 3-hydroxyphenylacetic acid, 3-(3,4-dihydroxyphenyl)propionic acid (3,4-diHPP), 3-(4-hydroxy-
phenyl)propionic acid, 3-phenylpropionic acid, and 3-(3-hydroxyphenyl)propionic acid efficiently
destabilized the OM of Salmonella enterica subsp. enterica serovar Typhimurium and S. enterica
subsp. enterica serovar Infantis as indicated by an increase in the uptake of the fluorescent probe
1-N-phenylnaphthylamine (NPN). The OM-destabilizing activity of the compounds was partially
abolished by MgCl, addition, indicating that part of their activity is based on removal of OM-stabilizing
divalent cations. Furthermore, 3,4-dihydroxyphenylacetic acid, 3-hydroxyphenylacetic acid, and 3,4-
diHPP increased the susceptibility of S. enterica subsp. enterica serovar Typhimurium strains for
novobiocin. In addition, organic acids present in berries, such as malic acid, sorbic acid, and benzoic
acid, were shown to be efficient permeabilizers of Salmonella as shown by an increase in the NPN
uptake assay and by LPS release.
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INTRODUCTION entericaserovar Infantis cases have been associated with the

Many difficult food contaminants and pathogens belong to €onsumption of contaminated poultry meat 2), The emer-
the group of Gram-negative bacteria, some of these, especiallygence and spread of antimicrobial resistance angaigionella
members of the genuSalmonella, can cause serious gas- Serovars, including Typhimurium and Infantis, has become a
trointestinal infections. Hence, their control in food production Serious health hazard globally, 3). The cells of Gram-negative
and food materials is important. Salmonellosis has been reporteddacteria are surrounded by an additional membrane (outer
to be the most common food-borne bacterial disease in the worldmembrane, OM), which provides the bacterium with a hydro-
(1). In the United States it has been estimated that 1.4 million philic surface and functions as a barrier for many external agents
nontyphoidal Salmonellainfections with 400 deaths occur (4—7). The effect is mainly caused by the presence and features
annually (2). Salmonella entericasubsp. enterica serovar of lipopolysaccharide (LPS) molecules in the outer leaflet of
Typhimurium has been reported to be the serovar most the membrane, resulting in an inherent resistance to hydrophobic
frequently associated with human illne43.(S. entericasubsp. antibiotics, detergents, and hydrophobic dyes in many Gram-
negative bacterigg( 8). The LPS, the main virulence factor in
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chain (highly variable O-antigen oligosaccharide consisting of R1
repeating units) (89). The LPS can be separated by SDS— o R2
PAGE into distinct “ladder” patterns according to the number @

of repeating carbohydrate unit]). “Smooth-type’'Salmonella HO

express core LPS and long-chain LPS (S, smooth, derives from

. N 3,4-dihyd h | i id R10OH, R20H
the colony morphology of the bacteria). Some bacteria inherently 3—hyérgx;gffﬁyﬁnciﬁﬁe;‘cﬁfc' R OH. R20

or as a result of mutation are called “rough” (R, derives from

the rough colony morphology) and are called Ra to Re mutants R

according to the length of the remnant core regi®@n Gram- R2
negative bacteria regulate OM permeability characteristics with HO @

hydrophilic channels known as porins, which allow nutrients

with relatively small molecular weight{600) to enter the inner o

parts of the cell. These water-filled pores generally exclude the 3,4-dihydroxyphenylpropionic acid (3,4-diHPP) R1 OH, R2 OH
entry of hydrophobic substancet 8). The influx of lipophilic o o aid (o) R Roo
compounds into Gram-negative cells is limited not only by the phenylpropionic acid RUH, R2H
OM permeability barrier but also by their active efflux by

ubiquitous, “multidrug” efflux pumps, which are usually Hop

energized by the proton motive forcg (1). Although the OM

of Gram-negative bacteria is an efficient barrier against many o

external agents, it is possible to specifically weaken the OM
by various agents (e.g., permeabilizers) that disintegrate the LPS ) ‘o ) )
layer (7). Permeabilizers themselves may not be antimicrobial, Figure 1. Chemical structures of microbial metabolites of phenolic

but they can potentiate activity of other antimicrobial agents. compounds.

The classical example is EDTA, which can disorganize and . ) ) L

weaken the interactions between LPS molecules by chelating” f_Iavon0|d meFaboI_|sm IS presumably minimal qlue to the low
the OM-stabilizing divalent cations (€aand M@*) (7). gcg)dence of this microbe in the human gastrointestinal tract
Certain small terpenoid and phenolic compounds found in
erb plants (essential oil components) are known to disintegrate
he OM of Gram-negative bacteria, releasing LPS and increasing
the permeability for the cytoplasmic ATRB4, 35). Relatively

Benzoic acid

A group of secondary metabolites called phenolic compounds
are abundant in fruit, vegetables, and berries. Several recentn
studies suggest that they have beneficial effects on human healtq
(12—18). In addition, their antimicrobial activities are exten-

sively studied {9-21). The daily intake of phenolic compounds  fo; qata, however, are available concerning the antimicrobial

has been estimated to be ardub g (12). The main dietary  echanisms of berry-derived compounds or their microbial
sources of phenolic compounds are fruits, berries, and t0 a lessefyetapglites, although growth-inhibitory and antimicrobial activ-
extent vegetables and cereal?(14). Berries are especially  jw of berries and phenolic berry extracts has been repotigd (
rich sources of phenolic compounds, which are classified into 19,20, 36,37). In the present study our aim was to reveal some
five main groups: flavonoids, phenolic acids, lignans, stiloenes, of the mechanisms involved in the antimicrobial activity of
and polymeric tanninslg). Many berries, such as bilberry and  selected colonic microbial metabolites of berry-derived phenolic
black currant, are rich sources of anthocyanins, which give the compounds and organic acids.

dark red or blue color to the berry fruit. Some berries, such as

cloudberry, raspberry, and strawberry, contain substantial \;ATERIALS AND METHODS

amounts of polymeric ellagitannins. In addition, berries contain

hydroxycinnamic acids (e.g., chlorogenic acid) and flavonol ~ Chemicals. n-Heptadecanoic acid methyl ester (HEPES), 1-N-

glyrosides (e.g., quercetin derivatives) (22—25). phenylnaphthylamine (NPN), Iys_ozyme, sc_;dium dqdecyl sulfate (SDS),
. . . . and Triton X-100 were from Sigma-Aldrich (Steinheim, Germany).
A certain proportion of ingested secondary metabolites can j, |1 14c]Galactose was from Amersham Pharmacia Biotech (Buck-

escape absorption in the small intestine and undergo transformainghamshire, England) with a specific activity of 49.@i mmol-* and
tion by intestinal microbes (12—146, 27). In vitro model EDTA from Riedel-de-Haen (Seelze, Germany). A stock solution of
studies with human fecal microbiota have identified several NPN (0.5 M) was prepared in acetone and diluted ta:¥Din 5 mM
microbial metabolites, although the information is still limited. HEPES (pH 7.2) for the fluorometric assays. Microbial metabolites
Gonthier et al. 26) identified 3-(3-hydroxyphenyl)propionic acid ~ 3:4-dihydroxyphenylacetic acid, 3-hydroxyphenylacetic acid, 3-(3,4-
(3-HPP) and benzoic acid (BA) as major microbial metabolites dinydroxyphenylpropionic acid (synonyms 3,4-dihydroxyhydrocin-

. . . . . _namic acid, hydrocaffeic acid, 3,4-diHPP), 3-(4-hydroxyphenyl)-
of phenolic compounds (caffeic acid and its esters, chlorogenic propionic acid (pHPP), 3-phenylpropionic acid (synonyms hydrocinnamic

acid, and caftaric acid). Several in vivo studies with isolated ,cjg, benzylacetic acid), and 2-hydroxyhexanoic acid (synonym 2-hy-
intestinal microbes have also identified microbial degradatlon droxycaproic acid) were from Sigma-Aldrich, and 3.(3-hydr0xypheny|)-
products from phenolic compoundg4| 28—32). A strictly propionic acid (3-HPP) was purchased from AlfaAesar (Karlsruhe,
anaerobic bacteriuntubacterium ramulus, has been reported Germany). Se€igure 1 for the structures of the metabolites. Organic
to cleave the ring system of several flavonols and flavones, acids, benzenecarboxylic acid (benzoic acid), 2,4-hexadienoic acid
generating the corresponding hydroxyphenylacetic and (hydroxy- (Sorbic acid), 2-hydroxypropionic acid (lactic acid), adehydroxy-
phenyl)propionic acids, respectively, as well as acetate andbutanedlom acid (malic acid) were from Sigma-Aldrich.

- Test Strain and Growth Conditions. For the permeability studies
butyrate (1429). Schoefer et al3() reported that a quercetin S. entericasubsp.entericaserovar Typhimurium VTT E-981151 and

degrading bacteriunGlostridium orbiscindensconverted quer- 1 £.012041 (SH5014, anfal mutant producing rough LPS of
cetin and taxifolin to 3,4-dihydroxyphenylacetic acid. According  chemotype Rb238), andS. entericasubsp.entericaserovar Infantis

to Schneider et al.33), Enterococcus casseliflavutegraded VTT E-97738 strains were used. The working cultures were stored at
quercetin 3-glucoside, although the importance of this species—70°C and cultured on trypticase soya agar (TSA; Oxoid, Bakingstoke,
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U.K.) at 37°C. For permeability assays cells were grown in Lutia
Bertani (LB) broth as described by Helander et al. (39). Cultivations
were carried out at 37C with shaking (200 rpm unless otherwise
stated). Growth was monitored by measuriigo with a Multiskan
MCC/340 spectrophotometer (ThermoLabSystems, Helsinki, Finland).
Further details of cell treatments are given below under various
experimental settings.

Permeability Assays. Two different methods were utilized to
determine permeability properties of the OM: (i) NPN uptake and (ii)
susceptibility to hydrophobic antibiotics.

NPN UptakeNPN is a hydrophobic probe whose quantum yield is
greatly enhanced in a glycerophospholipid environment compared with
an aqueous environment. Uptake of NPN by bacterial membranes is

manifested as fluorescence, and it indicates damage in the Gram-

negative OM, which normally is able to exclude hydrophobic substances
(39). The uptake of the hydrophobic fluorescent probe NPN by bacterial
cells in buffer suspensions was measured using black fluorotiter plates
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metabolites of phenolic compounds was investigated according to the
method described in detail by Helander et 4lL), Briefly, bacteria at
standardized O, = 0.5 + 0.02 were subjected to treatments with
microbial metabolites of phenolic compounds (2.5 mM) for 10 min at
room temperature and added to microtiter plate wells which already
contained lysozyme (1@g mL™1), Triton X-100 (0.1% and 1%), or
SDS (0.1% and 1%). The turbidity of the cell suspensions was then
monitored with the Multiskan MCC/340 spectrophotometer (Thermo-
LabSystems). The value of the control without added lysozyme or
detergent was taken as 100%; lower percentages indicate lytic action.
Each assay was performed in quadruplicate. Three independent lysis
tests were performed.

Statistical Analysis. Results from the permeability assays were
analyzed statistically using the two-tailed unpaired Studertest to
determine the differences; the levels of significance are denoteq as (

p < 0.02, (xx)p < 0.01, and (x*x)p < 0.001.

(ThermoLabSystems) and the automated fluorometer Fluoroskan AscemRESULTS

FL (ThermoLabSystems) as described earl&9, @40). Briefly, cells
grown to ORzo= 0.5+ 0.02 were harvested by centrifugation (1900

10 min, room temperature) and suspended in a half-volume of 5 mM
HEPES buffer (pH 7.2). Aliquots (10@L) of this cell suspension were
pipetted into fluoroplate wells, which contained NPN (i) and as
test substances EDTA (1.0 and 0.1 mM), HEPES buffer (control pH
7.2), microbial metabolites of phenolic compounds (10 mM, pH 4.0;
2.5 mM, pH 5.0), 2-hydroxyhexanoic acid (5 mM, pH 4.0), lactic acid
(5 mM, pH 4.0), malic acid (10 mM, pH 4.0), benzoic acid (5 mM,
pH 4.0), sorbic acid (5 mM, pH 4), or HCI (pH 4.0 and 5.0) to make
up a total volume of 20@L. If desired, MgC} was added to the cell
suspension before addition of NPN. Fluorescence was monitored within
3 min from four parallel wells per sample (excitation 355 nm, half-
bandwidth 38+ 3 nm; emission 402 nm, half-bandwidth 305 nm).
Each assay was performed at least three times.

Antibiotic SusceptibilityThe susceptibility of bacterial cultures to
hydrophobic antibiotics was tested with the agar diffusion method on
Iso-Sensitest agar (Oxoid) with or without 3,4-dihydroxyphenylacetic
acid, 3-hydroxyphenylacetic acid, 3,4-diHPP, or pHPP, using Neo-
Sensitabs (clindamycin, 2&g; fucidin, 100xg; novobiocin, 10Qug;
Rosco Diagnostica) according to Helander et 4l)( The diameters
of inhibition zones were measured after incubation of the plates at 37
°C for 24 h. All determinations were performed in duplicate, and the
results are presented as mean values.

LPS ReleaseThe effect of phenolic metabolites on LPS release
was studied using radiolabeled LPS. Smo8tlentericasubspenterica
serovar Infantis VTT E-97738 cells were grown in LB supplemented
with 2 mM CaC} at 37°C with shaking (200 rpm) to O, = 0.5+
0.02 and supplemented with*C]galactose (0..Ci mL™) to label
their LPS. Labeling with J*C]galactose was performed for 10 min at
37 °C with shaking (200 rpm). The release 6f¢]Gal—LPS was
monitored according to Alakomi et al42). Briefly, harvested and
washed cells were resuspended in 10 mM Tris/HCI buffer (pH 7.2) at
room temperature, divided into portions in Eppendorf tubes, and
subjected to treatments with EDTA (1.0 mM), microbial metabolites
of phenolic compounds (2.5 mM), organic acids (malic, lactic, and
benzoic acids), or HCI (pH 4.0 or 5.0) for 10 min at 37 with shaking
(100 rpm). Samples were taken for radioactivity measurements, and
the suspensions were centrifuged (11000 rpm for 2 min) at room

Effect of Tested Compounds on the Uptake of NPNTo
reveal changes in OM permeability, two smooth-t@enterica
strains and one rough-type (LPS chemotype R®2gnterica
strain were selected for NPN uptake studies. The detailed results
of the NPN uptake experiments with the treatments, including
the effect of addition of MgGlin the assay buffer, are shown
in Figure 2. EDTA, the classical chelator, caused significant
(p < 0.001) NPN uptake in the smootB. enterica subsp.
entericaserovar Typhimurium E-981151 a&lentericasubsp.
entericaserovar Infantis E-97738 cells at concentrations of 0.1
and 1.0 mM. However, the NPN uptake of the rough mug&nt
entericasubsp.entericaserovar Typhimurium E-012041 cells
by EDTA was not increased compared with that of the control
cells (Figure 2c).

3,4-Dihydroxyphenylacetic acid, 3-hydroxyphenylacetic acid,
3,4-diHPP, and pHPP (already at 2.5 mM (pH 5.0) test
concentration) destabilized and disintegrated the target bacteria
and brought about a significantly higher NPN uptake than
hydrochloric acid for all target bacteria. 3-Phenylpropionic acid
and 3-HPP also destabilized the cells and significantly increased
the NPN uptakeg < 0.001) of the cells. Malic acid, lactic acid,
and 2-hydroxyhexanoic acid at pH 4.0 significangly<{ 0.001)
increased the NPN uptake of all tested bacteria, lactic acid and
2-hydroxyhexanoic acid being more effective than malic acid.
The response caused by malic acid (pH 4.0) in the rough mutant
S entericasubspentericaserovar Typhimurium E-012041 cells
was lower than in the smooth target strains. Benzoic acid and
sorbic acid at pH 4.4 also significantly (p 0.001) increased
the NPN uptake of the cells.

Divalent cations are known to inhibit the action of many outer
membrane permeabilizers which act by chelation or replacement
of divalent cations in the OM. We therefore tested whethet'Mg
could affect the activity of the tested agents. Paremdb of
Figure 2 show that, for the smooth strains, 1 mM MgCl

temperature. After centrifugation, samples from the cell-free superna- 2ddition almost totally abolished the activity of EDTA. In
tants were taken for radioactivity measurements. The amount of addition, MgC} addition abolished the permeabilizing activity
radioactivity in the cell-free supernatant was taken as the measure ofof 3,4-dihydroxyphenylacetic acid, 3-hydroxyphenylacetic acid,
liberated LPS, and the percentage value for LPS release was calculate®,4-diHPP, and pHPP at a concentration of 2.5 mM for all target
by comparison to the radioactivity of a similar volume of untreated strains. With higher (10 mM) test agent concentrations 1 mM
and uncentrifuged _b_acterial suspensions. Each assay was performe(Mng addition only slightly decreased the NPN uptake of the
three times. In ad_dltlon to the release ¥J]Gal—LPS, the effect of cells. In addition, MgGl addition only slightly abolished the
phenolic metabolites, EDTA, and HCI (pH 5.0) on the LPS release iy of |actic acid, benzoic acid, and 2-hydroxyhexanoic acid.
was monitored with SDSPAGE from cell-free supernatants &. NPN uptake inducing activity of sorbic acid (5 mM) was also
entericasubspentericaserovar Typhimurium E-981151 a&denterica . o
subspentericaserovar Infantis E-97738 strains according to Helander abolished by MgGl addition.
et al. (34). Antibiotic Susceptibility. A sensitizing effect to hydrophobic
antibiotics is one of the indications of OM-permeabilizing action.

Bacteriolysis. Sensitization of target cells to the lytic action of
lysozyme and the detergents SDS and Triton X-100 by microbial We tested the susceptibility of the target strains to a set of
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Figure 2. (a) NPN uptake of S. enterica subsp. enterica serovar Typhimurium E-981151. (b) NPN uptake of S. enterica subsp. enterica serovar Infantis
E-97738. (c) NPN uptake of S. enterica subsp. enterica serovar Typhimurium E-012041.

hydrophobic antibiotics by the agar diffusion method on plates Table 1. [**C]Gal-LPS Release from S. enterica Subsp. enterica
containing microbial metabolites of phenolic compounds. 3,4- Serovar Infantis VTT E-97738
Dihydroxyphenylacetic acid, 3-hydroxyphenylacetic acid,

. o . . lease of
and 3,4-diHPP sensitizeS. enterica subsp.enterica serovar " e
DT S . dditive t buff H LPS (% % SD

Typhimurium E-981151 cells to novobiocin, the diameters of addfive To assay bulter P (% £ SD)
the inhibition zones being 12, 12, and 14 mm, respectivaly. pE'l')'T7A2 L ;ifgi zgf;a
entericasubsp.entericaserovar Infantis E-97738 cells were HCI, pH 5.0 49+01 10+4
sensitized only by 3-hydroxyphenylacetic acid to novobiocin 3 4-dihydroxyphenylacetic acid, 2.5 mM 49+01 13+2
(diameter of the inhibition zone 11 mm). The rougtenterica 3,4-diHPP, 2.5 mM 49+0.1 11+3
supsp. enterica serovar Typhimurium E-012041 cells were gHFr’]P, 2|-5 mM - 4-3 : 8-1 11f2
sensitized to novobiocin by 3,4-dihydroxyphenylacetic acid and 5 TESV PRI 6% S mM 2'9 N O'i 13 ;g
3,4-diHPP, the diameters of the inhibition zones being 12 and g pr4.0 38+0.2 28+ 4
11 mm, respectively. The susceptibility of target strains to  benzoic acid, 5 mM 40£0.1 2+2
clindamycin and fucidin was not enhanced. 2-hydroxyhexanoic acid, 5 mM 39+01 34+ 4

Release of LPS. Table Summarizes the results of specific ~ Malic acid, 10mM 39401 39+3
labeling of [“C]galactose-LPS and LPS release. EDTA-induced lactic acid, 5 mi 3901 31
a g 9 i g - = sorbic acid, 5 mM 4001 33%2
[**C]Gal—LPS release irs. entericasubsp.entericaserovar
Infantis E-97738 was 2& 8%. Treatment with 3,4-dihydroxy- ap < 0.001 compared to release from pH 7.2 cells. # p < 0.02 compared to

phenylacetic acid, 3-hydroxyphenylacetic acid, 3,4-diHPP, or release from pH 4.0 cells.

pHPP (2.5 mM, pH 5.0) induced +13% release of'fC]Gal—

LPS fromS. entericasubspentericaserovar Infantis E-97738,  no significant difference for other organic acid treatments
which was at the same level (10 4 %) as in the treatment  compared with the hydrochloric acid (pH 4.0) treatment was
with hydrochloric acid (pH 5.0). Compared with the pH 7 observed. SDSPAGE analysis of cell-free culture supernatants
treatment, benzoic acid, 2-hydroxyhexanoic acid, malic acid, of treated cells revealed a ladder pattern typical for smooth-
lactic acid, and sorbic acid (pH 4.0) induced significant release type LPS forS. entericasubsp.entericaserovar Typhimurium

of [*C]Gal—-LPS from S. enterica subsp. enterica serovar E-981151 andS. entericasubsp. enterica serovar Infantis
Infantis E-97738. The induced“C]Gal—LPS releases for the  E-97738 strains. Supernatants of phenolic metabolite-treated
treatments were 32 2%, 34+ 4%, 39+ 3%, 33+ 1%, and cells revealed a ladder pattern that stained with intensity similar
33 £ 2%, respectively. The amount of malic acid-induc¥€]- to that of the ladder pattern of the EDTA and HCI supernatants.
Gal-LPS release was significantly highgr € 0.02) compared Bacteriolysis. To further investigate the permeabilization
with the hydrochloric acid (pH 4.0)-induced release. However, effect of microbiological metabolites of phenolic compounds,
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their effect on the sensitivity o®almonellatoward lysozyme
and the detergents SDS and Triton X-100 was measi8ed.
entericasubsp.entericaserovar Typhimurium E-981151 was

Alakomi et al.

LPS in the treatment supernatants compared with thos® of
entericasubsp.entericaserovar Infantis. No sensitization to
lysozyme was observed with the microbial metabolites at a 2.5

not sensitized to the lytic activity of the tested compounds at a mM concentration. The permeation of lysozyme apparently
2.5 mM concentration. No significant difference compared with requires extensive disorganization of the OM, such as that
the control treatment was observed. Relative turbidities in the resulting from massive loss of LPS induced by EDTA (reviewed
lysozyme-treated control and metabolite-treated cells were 101in refs 7 and 46).

+ 2 and 103+ 2, respectively. With Triton X-100 (1%) Phenolic extracts of berries have been shown to exhibit
treatment the relative turbidities of the control and metabolite- antimicrobial activity against Gram_negative bactema'eo)

treated cells were 10& 0 and 107+ 2, respectively. Similar  \e earlier reported that phenolic extracts of cloudberry and

control and metabolite-treated cells were8& and 99+ 5, indicated by NPN uptake increase and analysis of liberation of

respectively). [14C]Gal—LPS (29). In addition, gallic acid disintegrated the
OM of Salmonella(37).

DISCUSSION Besides being rich in phenolic compounds, many berries also

The results obtained in the NPN uptake assay demonstratecOntain high amounts of organic acide’j. After studying six
that 3,4-dihydroxyphenylacetic acid, 3-hydroxyphenylacetic Wild and five cultivated berries, Viljakainen et akq) reported
acid, 3,4-diHPP, pHPP, 3-phenylpropionic acid, and 3-HPP, t_hat the main acids in juices from Nordic berries (e.g., bllbe.rry,
which are known colonic microbial metabolites of phenolic lingonberry, cranberry, cloudberry, red raspberry) were citric
compounds, destabilized and disintegrated the t&aketonella and malic acid, even though their concentrations varied widely
strains.S entericasubspentericaserovar Infantis E-97738 was ~ fTom one berry to another (2:916.2 and 3.324.7 g LY,
less sensitive tha®. entericasubsp.entericaserovar Typh-  réspectively). In addition, juices of lingonberry, cranberry,
imurium E-981151 cells, a phenomenon which possibly is cloudberry, and black crowberry contained benzoic acid0.1
related to differences in the respective LPS structures. Since0-7 g L™). Furthermore, sorbic acid has been detected from
MgCl, addition abolished the majority of the OM-disintegrating rowan berries48). The amount of total organic acids in several
activity of 3,4-dihydroxyphenylacetic acid, 3-hydroxyphenyl- Nordic berries has been reported to vary {3341 /100 g) 49).
acetic acid, 3,4-diHPP, and pHPP at a 2.5 mM concentration, Earlier it was reported that a major part of the inhibitory effects
part of their activity may occur by chelation of divalent cations of food preservative weak acids are related to the undissociated
from the OM or intercalation into the OM with the replacement forms of acids which can penetrate cell membranes, causing
of stabilizing cations. Certain polyphenols (i.e., tannins and Perturbation of membrane function, acidification of the cyto-
gallic acid) have been reported to form complexes with cations Plasm, and inhibition of acid-sensitive enzymg6)( Citric acid,
and to chelate ferrous iondZ, 43, 44). Since theS. enterica an organic acid abundant in berries, was earlier shown to
subspentericaserovar Typhimurium E-012041 (SH5014) cells, destabilize and permeabilize Gram-negative bact&d (The
which produce rough LPS of chemotype Rb2 and lack the organic acids examined in this study, i.e., malic acid, lactic acid,
O-specific chain and most of the outer core oligosaccharides in benzoic acid, sorbic acid, and 2-hydroxyhexanoic acid, ef-
their LPS, were also destabilized by these compounds, ourficiently destabilized and disintegrated the OM of all target
results indicate that the outer core and the O-specific chain Strains. Since MgGladdition abolished the majority of the OM-
played no significant role in the effects caused by these disintegrating activity of malic acid, part of the activity may
substances. This is in accord with the general conclusion thatoccur by chelation of divalent cations from the OM or
charged regions in the lipid A and inner core oligosaccharide intercalation into the OM with the replacement of stabilizing
are chiefly responsible for maintenance of the barrier function cations. However, besides weakening the OM, the examined
in the OM (4,7, 8). organic acids also have other mechanisms of action, since

3,4-Dihydroxyphenylacetic acid and 3,4-diHPP sensitided ~ destabilization was also observed with the rough LPS (type
entericasubsp.entericaserovar Typhimurium cells for novo- ~ Rb2), producing ar$. entericasubsp.entericaserovar Typh-
biocin, whereas only 3-hydroxyphenylacetic acid sensit@ed  imurium mutant. In the LPS release assay malic acid induced
entericasubsp.entericaserovar Infantis for novobiocin. This  slightly higher release of{C]Gal-LPS fromS. entericasubsp.
suggests that dihydroxy acids can disintegrate the ONB.of ~ entericaserovar Infantis E-97738 compared with other organic
entericasubsp.entericaserovar Typhimurium more strongly ~ acids. This observation further reinforces our earlier observation
than acids with one hydroxyl group. However, wihenterica with lactic acid that hydroxy acids are effective permeabilizers
subsp. enterica serovar Infantis this phenomenon was not Of Gram-negative bacteria and may potentiate antimicrobial
observed either in the antibiotic sensitization or in the LPS activity of other compouds4Q). Recently, Zhao et al5()
release assay. We earlier reported that lactic acid (anotherreported that various combinations of lactic acid, calcium sulfate,
hydroxy acid) acts as a permeabilizer of Gram-negative bacteriadnd sodium benzoate/butyric acid effectively inactivated en-
(40). Veldhuizen et al. (45) recently reported that the hydroxyl terohemorrhagid&scherichia coliin rumen content- or feces-
group of carvacrol affects its antimicrobial mode of action. ~ contaminated drinking water for cattle. However, there have

In the LPS release assay the microbial metabolites inducedbeen reports that acid adaptation of pathogenic strains leads to
10—13% release of'4C]Gal—LPS fromS. enterica subsp. increased resistance for antimicrobial agents and better survival
entericaserovar Infantis E-97738, which was at a level @20  in acidic conditions (5052). Therefore, the effect of such
4%) similar to that in the treatment with hydrochloric acid (pH adaptive responses on the permeability properties of Gram-
5.0). On the basis of the visual estimation of the intensity of Negative bacteria should be studied.
the silver-stained SDSPAGE gel, LPS release frof enterica The dally intake of berries and other plant materials contain-
subsp.entericaserovar Infantis was evident. In fact, with ing phenolic compounds varies individually, causing variation
entericasubspentericaserovar Typhimurium E-981151 visual in the dose of phenolic derivatives and their colonic microbial
inspection of the SDSPAGE gels revealed higher amounts of metabolites, but an estimate of about 1 g/day acquisition has
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been made (53). In addition, the bioavailability of phenolic
compounds varies greatly among various phenolic compounds
(13,53). According to Manach et al., the plasma concentrations
of total phenolic metabolites ranged from O tadhol L~ with

an intake of 50 mg of aglycon equivalents, and the relative
urinary excretion ranged from 0.3% to 43% of the ingested dose,
depending on the phenolic compoui®). Hence, a major part

of the phenolic compounds ingested {70%) is not found in

the urine (2, 53), and phenolic compounds which are not
absorbed in the small intestine will reach the cold8)(
According to Scalbert and Williamsoid2), the dilution of 500

mg of phenolic compounds with the digestive suspension in
the colon would give a local concentration of 3 mM. Our data
suggest (OM-destabilizing activity using a 2.5 mM test con-
centration) that microbial colonic metabolites of phenolic
compounds may play a role in the defense of the Gl tract against
gastrointestinal pathogens. However, the physiological impor-
tance of this phenomenon requires further investigation. In
addition, conditions in the lumen can affect the inhibitory
activity of the compounds. The mild acidity conditions of the
large intestine (pH 5.454) can be favorable for the permeabi-
lizing action of phenolic metabolites. In addition, there may be
microenvironments where the accumulation of colonic metabo-
lites may be high enough for destabilization of the OM and
potentiating activity of other antimicrobial agents.

ABBREVIATIONS USED

EDTA, ethylenediaminetetraacetic acid; Gal, galactose; HEPES,
n-heptadecanoic acid methyl ester; LPS, lipopolysaccharide;
NPN, 1-N-phenylnaphthylamine; OM, outer membrane; SDS,
sodium dodecyl sulfate; SDFAGE, sodium dodecyl! sulfate
polyacrylamide gel electrophoresis; 3,4-diHPP, 3-(3,4-dihy-
droxyphenyl)propionic acid; pHPP, 3-(4-hydroxyphenyl)-
propionic acid; 3-HPP, 3-(3-hydroxyphenyl)propionic acid.
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