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Lactic Acid Permeabilizes Gram-Negative Bacteria by
Disrupting the Outer Membrane
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The effect of lactic acid on the outer membrane permeability of Escherichia coli O157:H7, Pseudomonas aeru-
ginosa, and Salmonella enterica serovar Typhimurium was studied utilizing a fluorescent-probe uptake assay and
sensitization to bacteriolysis. For control purposes, similar assays were performed with EDTA (a permeabilizer
acting by chelation) and with hydrochloric acid, the latter at pH values corresponding to those yielded by lactic
acid, and also in the presence of KCN. Already 5 mM (pH 4.0) lactic acid caused prominent permeabilization
in each species, the effect in the fluorescence assay being stronger than that of EDTA or HCI. Similar results
were obtained in the presence of KCN, except for P. aeruginosa, for which an increase in the effect of HCI was
observed in the presence of KCN. The permeabilization by lactic and hydrochloric acid was partly abolished
by MgCl,. Lactic acid sensitized E. coli and serovar Typhimurium to the lytic action of sodium dodecyl sulfate
(SDS) more efficiently than did HCI, whereas both acids sensitized P. aeruginosa to SDS and to Triton X-100.
P. aeruginosa was effectively sensitized to lysozyme by lactic acid and by HCI. Considerable proportions of
lipopolysaccharide were liberated from serovar Typhimurium by these acids; analysis of liberated material by
electrophoresis and by fatty acid analysis showed that lactic acid was more active than EDTA or HCI in
liberating lipopolysaccharide from the outer membrane. Thus, lactic acid, in addition to its antimicrobial
property due to the lowering of the pH, also functions as a permeabilizer of the gram-negative bacterial outer

membrane and may act as a potentiator of the effects of other antimicrobial substances.

Lactic acid, as produced by lactic acid starter culture bacte-
ria or as an additive to foods, functions as a natural antimicro-
bial having a generally recognized as safe status. As reviewed
by Doores (8), lactic acid is able to inhibit the growth of many
types of food spoilage bacteria, including gram-negative spe-
cies of the families Enterobacteriaceae and Pseudomonadaceae.
Among other organic acids, lactic acid is recognized as a bio-
preservative in naturally fermented products (25), and numer-
ous applications for decontamination of meat by lactic acid
have been described (7, 10, 22, 29, 32, 33). The antibacterial
action of lactic acid is largely, but not totally, assigned to its
ability in the undissociated form to penetrate the cytoplasmic
membrane, resulting in reduced intracellular pH and disrup-
tion of the transmembrane proton motive force (25).

The relative efficacy of lactic acid against gram-negative
bacteria is not unexpected considering that as a small water-
soluble molecule lactic acid gains access to the periplasm
through the water-filled porin proteins of the outer membrane
(OM), as reviewed by Nikaido (18). The OM, however, func-
tions as an efficient permeability barrier that is able to exclude
macromolecules (such as bacteriocins or enzymes) and hydro-
phobic substances (i.e., hydrophobic antibiotics). The per-
meability barrier property of the OM is largely due to the
presence of a specific lipopolysaccharide (LPS) layer on the
membrane surface. LPS molecules consist of a lipid part,
termed lipid A, and a hydrophilic heteropolysaccharide chain
protruding outward and providing the cell with a hydrophilic
surface (11). Certain external agents that either release LPS
and other components from the OM or intercalate in the
membrane can abolish the integrity of the OM. In both cases
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there is a concomitant loss of the permeability barrier function.
Such agents are called permeabilizers (31); examples include
EDTA, which chelates divalent cations that stabilize molecular
interactions in the OM so that LPS is released, and polycations
such as polyethyleneimine (12) or polymyxin B nonapeptide,
which cause OM damage without LPS release. Permeabilizers
as such need not be bactericidal or bacteriostatic to gram-
negative cells but, by enabling other compounds to penetrate,
an increased susceptibility to hydrophobic antibiotics, deter-
gents, lysozyme, or bacteriocins is achieved. Accordingly, food-
grade permeabilizers in combination with other antimicrobials
would be ideal as part of the hurdle concept in inhibiting
gram-negative spoilage bacteria and pathogens in food mate-
rials (13).

Roth and Keenan reported in 1971 (26) that lactic acid is
able to cause sublethal injury to Escherichia coli, and similar
properties have also been assigned to acetic acid (23); indi-
rect evidence inferred that such injury involved disruption of
the LPS layer. A permeabilizer function of lactic acid would
not only be utilizable in decontamination procedures and
in protective cultures but it would also provide a mechanis-
tic explanation supporting the antimicrobial and health-pro-
moting effects of probiotic lactic acid bacteria (28). We have
investigated here the effects of lactic acid on the permeability
properties of OM of three gram-negative bacterial species as-
sociated with food safety and food spoilage.

(Some of these results were presented at the 99th General
Meeting of The American Society for Microbiology, Chicago,
111., May 30 to June 3, 1999.)

MATERIALS AND METHODS

Chemicals. Lactic acid (mixture of D and L forms; pro analysis grade), potas-
sium lactate, and Triton X-100 were from BDH (Poole, England); chicken egg
white lysozyme (EC 3.2.1.17), HEPES, n-heptadecanoic acid methyl ester, 1-N-
phenylnaphthylamine (NPN), and sodium dodecyl sulfate (SDS) were from
Sigma-Aldrich (Steinheim, Germany); and EDTA was from Riedel-de-Haen
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TABLE 1. NPN uptake induced by acids
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Relative fluorescence + SD? at:

Strain (n)* pH 3.6 = 0.1 pH 4.0 = 0.1 pH 7.2 = 0.1
Lactic acid HCI Lactic acid Lactic acid + HCl HCl + EDTA EDTA +
(10 mM) (5 mM) MgCl, MgCl, (1 mM) MgCl,
E. coli (7)° 357+ 75 191 £ 22 288 + 40 201 + 31 138 + 24 38+6 40 =13 2+1
E. coli + KCN (2) ND ND 379 =2 218 =35 145 = 41 55 =10 62+8 41
P. aeruginosa (3) 373 + 38 262 += 16 377 =29 246 + 24 280 = 29 378 £ 1 273 £ 21 10£5
P. aeruginosa + KCN (2) ND ND 397 £ 16 270 £ 8 346 * 41 374 £33 343 + 49 2+2
Serovar Typhimurium (4) 529 + 38 328 = 100 531 = 56 463 = 41 288 = 126 122 = 64 99 = 39 12+3
Serovar Typhimurium + KCN (2) 496 + 14 229 + 104 480 + 22 426 + 35 147 £ 112 66 = 36 67 =15 15+2

“n, Number of independent experiments.
® The NPN uptake values for the cell controls subtracted from the total fluorescence values to obtain the values shown in the table were 99 + 21, 70 = 22 (MgCl,),
116 = 13 (KCN), and 87 = 5 (KCN + MgCl,) for E. coli; 124 * 12,107 = 9 (MgCl,), 171 + 13 (KCN), and 129 * 26 (KCN + MgCl,) for P. aeruginosa; and 145 +

22,98 = 16 (MgCl,), 141 *= 18 (KCN), and 78 = 11 (KCN + MgCl,) for serovar Typhimurium.

(Seelze, Germany). Proteinase K (EC 3.4.21.64) and KCN were from Merck
(Darmstadt, Germany). A stock solution of NPN (0.5 M) was prepared in
acetone and diluted to 40 pM into 5 mM HEPES (pH 7.2) for the fluorometric
assays. All materials for sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) were obtained from Novex (San Diego, Calif.), including pre-
cast Tris-glycine gels (18% acrylamide).

Bacteria. E. coli ATCC 35150 (O157:H7), Pseudomonas aeruginosa ATCC
9027, and Salmonella enterica serovar Typhimurium SL696 (34) were cultivated
in Luria-Bertani broth as described previously (12).

Permeability assay based on the uptake of NPN. NPN is a very hydrophobic
probe whose quantum yield is greatly enhanced in a glycerophospholipid envi-
ronment compared to an aqueous environment (30). Uptake of NPN by bacterial
membrane(s) is manifested as fluorescence, and it indicates damage in the
gram-negative bacterial OM, which normally is able to exclude hydrophobic
substances (18). This permeability assay was recently adapted for the automated
spectrofluorometer Fluoroskan (Labsystems, Helsinki, Finland), whereby fluo-
rescent readings are made from microtiter plates (15). For these experiments,
bacteria were grown to the mid-logarithmic phase of growth (optical density at
630 nm of 0.5 + 0.02), deposited by centrifugation, and suspended into a half-
volume of 5 mM HEPES buffer (pH 7.2). Such suspensions were then supple-
mented with lactic acid at 0.05 or 0.1% (wt/vol) corresponding to 5 mM and 10
mM, respectively, and causing the pH to drop to 4.0 = 0.1 and 3.6 = 0.1. Parallel
suspensions were made in which pH was adjusted to the above values with
hydrochloric acid. In assays involving KCN to de-energize cells, this salt was
included in the buffers. The pH-adjusted suspensions (100 wl) were then pipetted
into microtiter plate wells (Cliniplate Black, catalog no. 9502 867; Labsystems),
which already contained 50 pl of pH-adjusted cell-free buffer and 50 wl of a 40
1M solution of NPN in buffer, yielding an end concentration of 10 uM NPN. In
assays utilizing potassium lactate (10 mM), EDTA (1 mM), or MgCl, (5 mM),
these were included in the cell-free buffer. Immediately after the cells were
mixed with the other constituents, the plates were read for fluorescence in the
Fluoroskan, using an excitation filter of 355 nm (half bandwidth, 38 = 3 nm) and
an emission filter of 405 nm (half bandwidth, 50 = 5 nm). The fluorescence
values were subtracted with the simultaneously recorded value of cell suspension
in HEPES at pH 7.2 in the presence of 10 uM NPN. Four parallel wells of each
sample were recorded, and three to seven independent assays were performed;
experiments involving KCN were performed twice.

Bacteriolysis. Sensitization of bacteria to the action of lytic agents by acids or
KCN was measured as described recently (12), utilizing turbidometric monitor-
ing of cell lysis with the Multiskan MCC/340 spectrophotometer (Labsystems).

Release of LPS and phospholipid. The release of LPS from serovar Typhi-
murium was assayed by SDS-PAGE and by fatty acid analysis (gas chromatog-
raphy of fatty acid methyl esters) of cell-free supernatants after treatment of the
bacterial suspensions with either lactic acid, HCI, or EDTA. The protocols for
these experiments were recently described in detail (14). The concentration of
lactic acid in the release assay was 5 mM, yielding a pH value of 3.5 in the 10 mM
Tris buffer initially adjusted to pH 7.2 by HCL. In parallel, cell suspensions in the
above buffer were adjusted to pH 3.5 by HCI alone. Treatment with EDTA was
at 1 mM at pH 7.2. From 10-ml suspensions, 8.6 ml of cell-free supernatant was
taken for fatty acid analysis, and 0.5 ml was taken for SDS-PAGE. Both aliquots
were freeze-dried before processing.

Statistical methods. For the NPN uptake values and the bacteriolysis values,
the two-tailed unpaired Student’s ¢ test was used to determine differences; a P
value of <0.05 was considered significant.

RESULTS

NPN uptake induced by acids. Table 1 summarizes the re-
sults of NPN uptake experiments with lactic acid, HCI, and

EDTA, including the effect of addition of the MgCl, or the
presence of KCN in the assay buffer. For all bacteria, lactic
acid brought about a significantly higher NPN uptake than
hydrochloric acid. The effect was seen already at 5 mM lactic
acid (pH 4.0); only with E. coli was the NPN uptake further
enhanced by the higher concentration of lactic acid (10 mM,
pH 3.6). The strongest response to lactic acid was observed in
serovar Typhimurium, but each test organism reacted more
strongly to lactic acid than to the classical permeabilizer
EDTA. The addition of an equimolar concentration of MgCl,
together with lactic acid decreased the NPN uptake slightly but
significantly for E. coli and P. aeruginosa; in serovar Typhi-
murium such an effect was insignificant. MgCl, also diminished
the effect of HCI, but only in E. coli; surprisingly, P. aeruginosa
reacted with higher uptake values to HCI in the presence of
MgCl, than in its absence. The responses to EDTA differed
characteristically among the three bacterial species, P. aerugi-
nosa reacting most prominently and E. coli with the lowest
figures; MgCl, abolished the effect in all cases. The above
effects were generally similar in the presence of KCN; except
for P. aeruginosa, for which the effect of HCl with KCN was
enhanced to a level similar to that obtained by lactic acid.
Potassium lactate at concentrations of up to 10 mM (pH 6.8 in
the cell suspension) had no NPN uptake-enhancing activity on
serovar Typhimurium (data not shown).

Effect of acids on bacteriolysis. To further investigate the
permeabilizer effect of lactic acid, its effect on the sensitivity of
bacteria toward lysozyme and the detergents SDS and Triton
X-100 was measured. In parallel, similar assays with HCI (pH
3.6) and KCN (1 mM) were performed. The results are sum-
marized in Table 2. Lactic acid had a strong sensitizing effect to
SDS in each species; similar effects to the nonionic detergent
Triton X-100 were also noted, especially in P. aeruginosa. This
strain was also strongly sensitized by lactic acid to the lytic
action of lysozyme. Hydrochloric acid brought about signifi-
cantly weaker sensitizing effects than lactic acid to SDS in the
enteric bacteria. However, P. aeruginosa was strongly affected;
P. aeruginosa was also sensitized to Triton X-100 by HCI, but
less so to lysozyme than by lactic acid. Although KCN had a
slight effect on the SDS sensitivity of each species and also a
minimal effect with Triton X-100 on P. aeruginosa, it was evi-
dent that de-energization of the bacterial cells did not have any
major impact on their permeability properties.

Acids induce LPS release. Cell-free supernatants after treat-
ment of serovar Typhimurium with lactic acid, HCI, or EDTA
were processed for SDS-PAGE to investigate the possible re-
lease of LPS. A silver-stained gel showing the result is pictured
in Fig. 1. Whereas very little LPS was present in the superna-
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TABLE 2. Sensitization of gram-negative bacteria to lytic agents

Strain and lytic substance Concn

Relative turbidity (%) at 4 min“

Control Lactic acid (10 mM, pH 3.6) HCI (pH 3.6) KCN (1 mM, pH 7.2)
E. coli O157:H7
Lysozyme 10 pg/ml 101 =2 99 =1 100 = 1 100 = 1
Triton X-100 0.1% 104 £ 1 102 =1 104 =1 103 =2
Triton X-100 1% 95+ 1 92+1 95 +1 95 +1
SDS 0.1% 102 £ 1 52+11 102+ 1 97+2
SDS 1% 97+ 1 477 95 +1 83 +3
P. aeruginosa
Lysozyme 10 pg/ml 99 +1 23+1 53 £26 101 =1
Triton X-100 0.1% 102 =3 80 =1 5520 104 =1
Triton X-100 1% 98 +1 69 +1 45+ 19 92=+1
SDS 0.1% 104 =2 18*1 171 101 =1
SDS 1% 101 £1 ND ND 94 =1
Salmonella serovar Typhimurium
Lysozyme 10 pg/ml 101 £ 1 102 =2 100 = 1 102 =1
Triton X-100 0.1% 104 =3 101 =4 103 £ 1 104 =1
Triton X-100 1% 97+ 1 91x2 92+2 94 +5
SDS 0.1% 102 3 60 + 10 94 =2 98 + 1
SDS 1% 97+2 53210 85 +3 77 =11

4 ND, not determined.

tant of untreated cells, the supernatants of acid-treated sus-
pensions yielded prominent ladder patterns characteristic of
serovar Typhimurium smooth-type LPS. Based on visual esti-
mation of the intensity of staining, the supernatant of lactic
acid-treated bacteria contained more LPS than those derived
from treatments by HCl or EDTA. The supernatants were also
subjected to fatty acid analysis to obtain both qualitative and
quantitative data on the released lipid material. Analysis re-
sults (Table 3) confirmed that lactic acid had been the most
active acid with respect to LPS release, as indicated by the
greatest sum of LPS-specific (35) fatty acids C,,.,, Cy4., and
C;.0m.14:0- In addition to LPS, also other lipid material (glyc-
erophospholipids) was released, represented by the unsatur-
ated fatty acids found in the supernatants. However, LPS-
specific fatty acids accounted for a greater proportion in the
acid supernatants compared to that of the control, suggesting
a preferential release of LPS.

DISCUSSION

The results presented here permit the conclusion that lactic
acid is a potent OM-disintegrating agent, as evidenced by its
ability to cause LPS release and to sensitize bacteria to deter-
gents or lysozyme. Increase of the uptake of the hydrophobic
probe NPN further suggests a permeabilizing action for lactic
acid. Whereas acidity as adjusted by hydrochloric acid also
brought about effects indicative of OM disruption, the direct
effect of lactic acid as measured by the NPN uptake method
was always stronger than that observed in HCl-treated bacteria
at the same pH. Our data are thus in accord with and offer a
potential mechanism for earlier findings that organic acids,
including lactic acid, cause sublethal injury for gram-negative
bacteria, as indicated by their decreased viability on bile salt-
containing agar (23, 25, 26).

Disruption of the OM by acids can possibly involve the
action of both dissociated and undissociated forms. Our find-
ing that hydrochloric acid causes significant OM damage at pH
4 shows that the disintegration of the LPS layer can be caused
by a fully dissociable acid. The additional OM-disintegrating
effect demonstrated here for lactic acid is likely due to the

action of undissociated lactic acid molecules; at pH 4 ca. 40%
and at pH 3.6 ca. 60% of lactic acid are present in the undis-
sociated form. This conclusion is further supported by our
finding that the dissociated potassium lactate at neutral con-
ditions had no permeabilizing activity. Although the addition

FIG. 1. Silver-stained SDS-polyacrylamide gel (18% acrylamide) of protein-
ase K-treated cell-free supernatants of serovar Typhimurium SL696 exposed to
HCI (pH 3.6) (lane 1), lactic acid (5 mM) (lane 2), or EDTA (1 mM) (lane 3);
lane 4 shows the control supernatant. An equal volume of each sample was
electrophoresed.
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TABLE 3. Liberation of fatty acid-containing material from serovar
Typhimurium SL696 by EDTA, lactic acid, and HCI

Amt (pg) of fatty acid in 8.6 ml of cell-free
supernatant after treatment with:

Fatty acid

None EDTA Lactic acid HCI
(control) (1 mM) (5 mM, pH 3.5) (pH 3.5)

Cir0” 1.4 2.4 2.8 2.0
Cia0” 0.9 4.1 4.7 2.6
Cia0G-0om” 0.8 6.1 8.6 4.6
16:0 3.4 6.8 10.7 72
Cis1 2.3 5.5 8.6 6.0
18:1 2.5 31 5.5 3.1
Total 11.3 28.0 40.9 255

“ The percentages of LPS-specific fatty acids for the four treatment groups in
columns 2 through 5 are 27, 45, 39, and 36%, respectively.

of MgCl, to the NPN assay system with 5 mM lactic acid
challenge resulted in reduced NPN uptake for P. aeruginosa
and E. coli especially in the presence of KCN, these effects
cannot be regarded as indicative of chelation of cations from
the OM, since similar effects were also observed with HCI and
E. coli. A more likely mechanism than chelation would be
protonation of anionic components such as carboxyl and phos-
phate groups and the consequent weakening of molecular in-
teractions between OM components. It is plausible that rather
than interacting directly with the acid molecules, MgCl, stabi-
lizes the OM, making it more resistant to acid challenge. In-
stead, excess Mg®" with each bacterial species expectedly abol-
ished the NPN uptake induced by EDTA, which is believed to
act solely by chelation.

The permeabilizing capacity of lactic acid has a number of
important consequences. Above all, lactic acid should be able
to potentiate the apparent antimicrobial activity of other com-
ponents against gram-negative bacteria. In natural situations
such as in fermented low-pH products obtained by lactic acid
starter culture bacteria, numerous metabolites are present that
are too lipophilic or too large to effectively penetrate the intact
gram-negative bacterial OM but that could possibly do so in
the presence of lactic acid. Beside well-recognized lactic acid
bacterial antimicrobial factors such as diacetyl (24), hydrogen
peroxide, lactoperoxidase systems, and reuterin (5), a plethora
of cryptic antimicrobials acting in synergy with lactic acid could
theoretically exist. In fact, culture supernatant of Lactobacillus
plantarum was recently shown to contain small-molecular-mass
substances acting together with lactic acid against the gram-
negative target organism Pantoea agglomerans (19). There are
also indications (3, 4) that high concentrations of lactic acid
sensitizes gram-negative bacteria to bacteriocins such as nisin.
The sublethal injury caused by lactic acid could play a major
role in such sensitizing, along with providing an acidic milieu
required for the chemical stability of nisin (6).

Despite the neutral pH conditions of the large intestine,
which probably are not favorable for the permeabilizing action
of lactic acid in general, it could be assumed that probiotic
lactic acid bacterial strains might, however, be beneficial in
combating gram-negative pathogens in the large intestine. This
could happen through local production of relevant concentra-
tions of lactic acid in microenvironments, with inhibition of
harmful gram-negative strains by the combined action of lactic
acid and bile salts; the latter possess detergent-like action
against which many enteric gram-negative pathogens exhibit
resistance (18). Another interesting feature is that lactobacilli
and lactic acid have been reported to suppress the gastric
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pathogen Helicobacter pylori (1, 16, 17). H. pylori is naturally
adapted to an acid environment (9), and it would be of interest
to investigate the permeability properties of the OM of this
pathogen in response to challenge with different acids.

A gradual increase in acidity can allow induced tolerance to
acid to occur (acid habituation), and this will permit the or-
ganisms to survive subsequent exposures which could be lethal
to nonhabituated cells (2, 20, 21, 27). The effect of such an
adaptive response on the permeability properties of gram-
negative bacteria should be examined, especially with enteric
pathogens such as E. coli O157:H7.
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