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Abstract. Potentiation of the antimicrobial effect of Lactobacillus reuteri DSM 17938 cell-free extracts by
ascorbic acid. Knysh O.V., Martynov A.V. The purpose of this study was to evaluate the effect of supplementing the
culture medium with ascorbic acid on the antimicrobial properties of Lactobacillus reuteri cell-free extracts (CFEs).
CFEs were prepared using commercial strain L. reuteri DSM 17938 by culturing lactobacilli in its own disintegrated
cell suspension (DCS) supplemented with ascorbic acid in sub-inhibitory (5 mg/ml, CFEs) or minimal inhibitory
concentration (20 mg/ml, CFEy) and without supplementation (CFE,). Staphylococcus aureus ATCC 25923,
Escherichia coli ATCC 25922 reference strains and Pseudomonas aeruginosa extensively drug resistant (XDR) clinical
isolate were used as indicator cultures. Screening of the inhibitory properties of the studied CFEs and elucidation of the
nature of inhibitory products were done using modified Micro scale Optical Density Assay (MODA). The inhibition
indices (Inhl) were calculated for the studied CFEs and ascorbic acid of appropriate concentrations. CFEs were
subjected to HPLC-analysis. CFEs and CFEy showed significantly higher antimicrobial activity toward to indicator
cultures than CFEy. Inhl calculated for extracts CFEs and CFE,y) mainly exceeded the sum of the corresponding
indicators calculated for CFEy and ascorbic acid (AA) of appropriate concentrations: Inhl CFEs > Inhl CFE, + Inhl
AAs; Inhl CFEyy > Inhl CFEy+ Inhl AA»), Acidic metabolic products have made the greatest contribution to the antimicrobial
effect of the studied CFEs. HPLC-nalysis showed that the modified ascorbic acid was the substance found in CFE, in the
greatest quantity. The revealed effect of potentiation of antimicrobial activity of CFEs by ascorbic acid should be taken into
account when developing new biotechnological products based on derivatives of L. reuteri DSM 17938.
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Pedepar. IloTeHuniroBanHss npoTuMikpoOHoOro edexty Oe3kjaiTMHHMX ekcTpakTiB Lactobacillus reuteri DSM
17938 ackopobinoBoro kuciaororw. Kuum O.B., Maptunos A.B. Memoio yvozco docriddicenns 06y10 oyinumu Gniue
acKkopOiHO80I KUCIOmu 8 KyIbMypanbHOMY cepedosunyi Ha NPOMUMIKpOOHi 8nacmugocmi Oe3KNIMuHHUX eKCmpaxKmie
(PKE) Lactobacillus reuteri. BKE 6Oymu ompumani 3 euxopucmannsm wmamy L. reuteri DSM 17938 winsxom
KYIbIMUGY8aHHs Jaakmodaxmepitl vy Oe3inmezposaniti cycneHsii enacHux kuimun 6e3 ododasanns (BKE,) ma 3
000asanHaAM ackopbinosoi kucromu 6 cybincioimopniu (5 me/mn, BKEs) abo minimansHii in2iOimopuitl kKonyenmpayii
(20 me/mn, BKEy). Pepepenmni wmamu Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922 ma
KainiyHu 13o1am Pseudomonas aeruginosa 3 wupokow JiKapcbKow CMIUKicmio Oyau eUKOPUCMAHL SIK IHOUKAMOPHI
xkynomypu. CKkpunineoee 00CHioxcenHss ineibimopnux eracmusocmeti oocuiodxcysanux BKE ma 3’scysanns npupoou
iH2IOIMOpHUX NPOOYKMI6 NPOBOOUIU 3 GUKOPUCMAHHAM MOOUPDIKOBAHO20 CNEKMPODOMOMEMPUUHO20 MIKPO-
niaHuwemno2o memooy. Ineioimopui indexcu (Inel) pospaxogysanu ons Oocnionux BKE ma ackopbinosoi xkuciomu
8ionogionux xonyeumpayit. BKE niooaséanu BEPX-ananizy. BKEs ma PKE,) suasuiu 3HauHo 6uwyy NpomumikpoOHy
aKkmueHicmes no 8iOHOWwleHHI0 00 [HOukamopuux kyavmyp, Hioe BKE) Inel, pospaxoeani ona BKEs ma BKEs)
NepesaicHo nepesuwyy8any CyMu aHalo2iuHux noKasHukie, pospaxosanux oii BKE) ma ackopbinosoi kuciomu (AK)
sionogionux xouyeumpayiu: Inel BKEs > Inel BKE) + Inel AKs; Inel BKE;) > Inel BKE,y + Inel AK,) Haubinouwiui
6HECOK Y Npomumikpobruil epexm docnionux bBKE nanesxcas xucium npooykmam memabonizmy. BEPX-ananiz nokasas,
wo 6 BKE>) y naubinbutitl KitbKocmi Micmuaacs Moougikoeana ackopbinosa kucioma. Busenenuil egpexm nocunienus
aAcKopOIHOBOI0 KUCIOMOIO0 NPOmMuUMIiKpooHnoi akmuenocmi BKE cnio ypaxosyeamu npu pospodyi Hosux 6GiomexHo-

JIO2IYHUX NPOOYKMI8 Ha 0CHOBE noxionux L. reuteri DSM 17938.

The wide spread of antibiotic resistance among
bacteria dictates the need to change the strategy and
tactics of combating diseases of an infectious nature.
Promising direction is the development of etio-
pathogenetic agents with a wide spectrum of action
(antimicrobial, immunotropic and anti-inflamma-
tory). Currently, probiotics are considered as an
alternative to classic antibacterial agents [1]. In
addition, there are evidences of their anti-inflam-
matory and immunomodulatory effects [9, 12]. Most
of the beneficial effects of probiotics are due to the
biological activity of cell structural components and
metabolic products [12, 14]. For the implementation
of the probiotic action, the colonization of a certain
biotope by probiotic cells and the time for their
activation are required. However, during transit
through the gastrointestinal tract, significant cell loss
occurs. This is the main reason for the lack of
effectiveness of cell probiotics [4].

Probiotic bacteria can be considered as a valuable
source of postbiotic products (metabiotics). They are
ready-made biologically active structural compo-
nents and/or metabolites, the effects of which can be
realized immediately after introduction. In addition,
they make it possible to avoid undesirable effects
associated with the introduction of whole cells [14].

Lactobacillus reuteri is one of the important
probiotic bacteria capable of exerting antimicrobial,
immunomodulatory and anti-inflammatory effects in
the host organism. It can produce a number of
antimicrobial substances [9]. There are conflicting
data regarding the antimicrobial activity of cell-free
supernatants obtained from the L. reuteri culture.
Some authors have shown that the supernatant of L.
reuteri exhibits the lowest antimicrobial activity
compared to the supernatants of other probiotic
lactobacilli [3]. Other authors have stated the high
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antibacterial potential of the supernatants of four L.
reuteri strains. They argue that the antimicrobial
potential is determined by the profile of the pro-
duced metabolites in specific cultivation conditions
[2]. Certain probiotic L. reuteri strains have the
ability to convert of glycerol into a broad-spectrum
antimicrobial ~compound reuterin. Moreover,
L. reuteri has the most pronounced ability to
produce this aldehyde and the least sensitivity to it
compared to other microorganisms. The production
of reuterin is an example of a precursor-directed
antimicrobial biosynthesis [10]. Nowadays, the
precursor-directed biosynthesis is considered as one
of the three major strategies for combinatorial
biosynthesis and a promising way to obtain anti-
microbial and anticancer agents [10, 13]. Enzyme-
level modification and pathway-level recombination
are no less promising classical approaches for
combinatorial biosynthesis of multiple natural
product analogs [13].

Ascorbic acid is an organic compound known for
its high reducing potential and ability to regulate
oxidation-recovery processes. Recent studies indi-
cate the ability of ascorbic acid to inhibit the growth
and biofilm formation by opportunistic and patho-
genic bacteria [11, 16]. Limited evidence exists
regarding the role of ascorbic acid as a precursor to
biologically active metabolites of living organisms.

The purpose of this study was to evaluate the
effect of supplementing the culture medium with
ascorbic acid on the antimicrobial properties of L.
reuteri cell-free extracts.

MATERIALS AND METHODS OF RESEARCH

Cell-free extracts (CFEs) were prepared using com-
mercial strain L. reuteri DSM 17938 (from medical
product "BioGaia", BioGaia Production AB, Sweden).

Licensed under CC BY 4.0
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Obtaining of CFEs was performed as described
previously with slight modifications [7].

Preparation of disintegrated cell suspension
(DCS). The suspension of L. reuteri in isotonic
saline solution (0.9 % NaCl) corresponding optical
density of 10 units on the McFarland scale (~10°
CFU/ml) was subjected to 10 cycles of slow
freezing-thawing. Freezing of 50 mL samples was
carried out to -23°C. Then samples were heated in a
water bath at a temperature of 37°C until completely
thawed. The obtained DCSs were divided into three
portions. The first portion of them was retained
without additives. The second and third portions
were supplemented with ascorbic acid (PA, Sigma)
in a final concentration of 5 mg/ml and 20 mg/ml.

Cultivation of L. reuteri in DCS. The suspension
of L. reuteri in isotonic saline solution (~10® CFU/ml)
was inoculated into DCS (supplemented and not
supplemented with ascorbic acid) at a ratio of 1:9
and was cultured at 37 °C for 72 hours.

Preparation of CFEs. The cultures obtained by
cultivating of L. reuteri in DCS were centrifuged at
3000 g for 10 min. Cell free supernatants were pas-
sed through membrane filters (Vladipor, Russian
Federation) with a pore diameter of 0.2 um to
remove microbial cells and cellular debris. Thus,
three types of extracts were obtained from L. reuteri
cultured in DCS: 1) without supplementation (CFE);
2) supplemented with acsorbic acid, 5 mg/ml (CFEs)
and 3) supplemented with acsorbic acid, 20mg/ml
(CFEy).

Indicator strains. Reference strains: Staphy-
lococcus aureus ATCC 25923, Escherichia coli
ATCC 25922 and Pseudomonas aeruginosa exten-
sively drug resistant (XDR) clinical isolate were
used as indicator cultures.

Preparation of the inoculum. After verifying the
purity of the indicator culture, few colonies from the
overnight incubated agar medium were emulsified in
a physiological saline for obtaining a suspension
corresponding optical density of 0.5 units on the
McFarland scale. Then the suspension was diluted
ten times.

Inhibitory properties. Screening of the inhibitory
properties of the studied CFEs and elucidation of the
nature of inhibitory products were carried out using
Micro scale Optical Density Assay (MODA) des-
cribed by Lash et al. with some modifications [8].

Screening of the inhibitory properties. Briefly,
the optical density gain of indicator bacteria in the
liquid nutrient broth for 24 h at 37°C was compared
in the presence (test sample) or absence (control
sample) of the studied CFEs and ascorbic acid in
appropriate concentrations. The ratio of the nutrient
broth, inoculum and CFE (or ascorbic acid) in the
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incubation medium was 6:1:3, respectively. The
optical density was measured using a microtiter-
plate reader «Lisa Scan EM» («Erba Lachema
s.r.0.», Czech Republic) at 578 nm. The growth
inhibition indices (Inhl) were calculated by the
formula: Inhl = (AOD-AODpc) = AODpcx100%,
where AOD and AODpc were the changes in the
optical density of the control and test samples within
24 hours [7].

Elucidation of the nature of inhibitory products.
Two types of CFEs from L. reuteri cultured in DCS:
1) without supplementation and 2) supplemented
with acsorbic acid (20 mg/ml) were divided into
equal portions for different assays. One portion was
retained as untreated. The second portion was
treated with proteolytic enzyme pepsin (1 mg/ml,
Sigma) for elucidate the contribution of the pro-
teinaceous component to inhibitory activity of CFEs.
For determination of a contribution of organic acids
the third portion was adjusted to pH 6.8-7 using
1 N NaOH. The fourth portion after neutralization
was treated with catalase (0.5 mg/ml, Sigma) at
25°C for 1h to determine the contribution of hyd-
rogen peroxide to the inhibitory activity. The fifth
portion after neutralization was treated with
proteolytic enzyme trypsin (1 mg/ml, Sigma) at
37°C for 2 h to find out the possible inhibitory effect
of substances of a proteinaceous nature. The optical
density gain of indicator bacteria in the presence of
untreated and treated CFEs was determined as
described above.

Chromatographic study was performed accor-
ding to the procedure described previously [15].
Acetonitrile (Sigma, USA) and lithium perchlorate,
perchloric acid in a kit for chromatograph BD2003
(Econova, RF) were used for HPLC-analysis. For
analysis of experimental substrates was used HPLC-
system Milichrome A-02 (Econova, RF). In addi-
tion, we used a set of chromatography conditions for
analysis of riboflavin derivatives: gradient separa-
tion of acetonitrile (from 0% to 100%) / 0.05 M
lithium perchlorate buffer + 0.01 M perchloric acid
at 40°C, and fraction detection in UV region. As a
comparison, we used ascorbic acid.

Statistical analysis. All experiments were perfor-
med three times in triplicate. Obtained data were
statistically processed using Windows® XP Pro-
fessional OEM Software, Excel 2003 (license
No 74017-640-0000106-57973). Average values of
obtained indices with standard deviations were
determined (x+SD). One-way analysis of variance
(ANOVA) was performed followed post hoc mul-
tiple comparison using Bonferroni adjustment and
critical value of p equaled to 0.05/(number of
possible comparisons) [6].
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RESULTS AND DISCUSSION

Screening of the inhibitory activity of the
studied CFEs. The growth inhibition indices pre-
sented in the Table indicate that the strongest
decrease of the optical density gain of indicator
cultures occurred under the influence of CFEs
obtained by culturing L. reuteri in DCS supple-
mented with ascorbic acid (CFEs and CFE,;). More
pronounced inhibition was observed with the addi-
tion of ascorbic acid at a higher concentration (Inhl
CFE,q > Inhl CFEj5). It should be noted that the Inhls

calculated for extracts CFEs and CFE,;, mainly
exceeded the sum of the corresponding indicators
calculated for CFE, and ascorbic acid (AA): Inhl
CFEs > Inhl CFE, + Inhl AAs; Inhl CFE,y > Inhl
CFEy + Inhl AA,) Among the studied indicator
cultures, the least inhibitory effect of CFE, and
ascorbic acid was observed toward to P. aeruginosa
(XDR). CFE, inhibited the growth of all studied
indicator cultures to the same extent.

Inhibitory activity of cell-free extracts (CFEs) and ascorbic acid (AA)
against indicator cultures

Indicator strains

Inhls, % (x + SD)

CFE, CFE;s CFE,, AAs AAy
S. aureus ATCC 25923 53.2+5 80.4 + 7* 90.9 + 8* 22.9+2 385+5
E. coli ATCC 25922 347+6 63.3 £ 4* 96.0 £ 4* 1755 300+ 6
P. aeruginosa (XDR) 2655 85.2 + 5% 93.0 £ 7% 0.1+3 24+2

Notes. *
concentration, p<0.05.

Elucidation of the nature of inhibitory products.
The data presented in Fig. 1 show that CFE, treated
with pepsin significantly inhibited the growth of
both indicator cultures: S. aureus and E. coli. Inhl
were 45.2% and 31.2%, respectively. CFE, after
neutralization and treatment with trypsin and
catalase did not significantly affect the optical

0.9

— the differences are statistically significant Wlth respect to the inhibition indices calculated for CFE, and AA of appropriate

density gain of both indicator cultures. An exception
was S. aureus: the Inhl of culture under the
influence of CFE, treated only with NaOH was
10.6%. Thus, the study revealed that the contribution
of the proteinaceous component to the inhibitory
activity of the CFE, against S. aureus was small, and
against E. coli it was negligible.
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Fig. 1. The effect of treated and untreated CFE, on the growth of indicator cultures
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As can be seen from the data presented in Fig. 2,
pepsin-treated CFE,, reduced the optical density
gain of staphylococcal culture by 81.8%. Inhl
calculated for pepsin-treated CFE,, toward E. coli
was 91.2%. Neutralization led to a significant
decrease in antimicrobial activity of CFEyy. Inhl
calculated for CFE,, treated with NaOH toward S.

aureus was 13.6%, and toward E. coli it was 10.2%.
Optical density gain of both cultures under the
influence of neutralized CFE, treated with trypsin
or catalase did not significantly differ from the
benchmarks. This indicated an almost complete loss
of antimicrobial activity of the CFE,, after
neutralization and treatment with enzymes.
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Fig. 2. The effect of treated and untreated CFE,, on the growth of indicator cultures

Chromatographic study. Fig. 3 shows the HPLC-
chromatogram of degradation products / ascorbic
acid as result of ascorbic acid modification by L.
reuteri. The greatest quantity of the substance in the
CFE,, is modified ascorbic acid. Although UV-
Spectrum (peak 1) is like ascorbic acid, but retention
time of (peak 1) is shifted in a hydrophobic region.
This indicates that the substance (peak 1) is a
modified product derived as a result of the ascorbic
acid conversion by L. reuteri, alike as this bacterium
converts glycerol to reuterin.

There are a number of mechanisms for the
antimicrobial action of probiotics. Different strains
of L. reuteri can produce and excrete a variety of
antimicrobial molecules: lactic acid, acetic acid,
ethanol, hydrogen peroxide, carbon dioxide,
diacetyl, bacteriocin (reutericin 6), reutericyclin and
reuterin [2, 9, 10]. However, there is no evidence
that single strain can produce reutericin, reu-
tericycin, reuterin, or two of these antimicrobial
compounds simultaneously. Bacteriocin has a
peptide nature; therefore, it loses its activity after
treatment with proteolytic enzymes or after pro-
longed heat treatment. Its production is highly
dependent on the cultivation conditions. Reute-
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ricycline is a tetramic acid molecule that functions
as a proton ionophore and dissipates the
transmembranic ApH. It exhibits a powerful anti-
microbial effect against Gram-positive microorga-
nisms in low concentrations. The toxicity of reute-
ricycline to humans and animals remains unstudied.

As mentioned earlier, L. reuteri has the ability to
convert glycerol into a broad-spectrum antimicrobial
compound reuterin. For adequate antimicrobial
activity of L. reuteri, glycerol is required in amounts
significantly exceeding those usually available in the
gastrointestinal tract. Therefore, the intake of
probiotic bacteria L. reuteri requires additional
administration of glycerol [5]. A lot of work has
been devoted to confirming the antimicrobial
activity of reuterin in vitro, but there are no works
demonstrating its antimicrobial activity in vivo. This
aldehyde is resistant to proteolytic and lipolytic
cleavage. In aqueous solution, reuterine is a three-
component dynamic system consisting of various
(monomeric, hydrated monomeric, and cyclic
dimeric) forms of 3-hydroxypropionaldehyde (3-
HPA) and can be reversibly dehydrated into the
toxic acrolein. Therefore, the toxicity and stability of
3-HPA should be fully studied before its use in vivo.
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U.0.D.

Fig. 3. HPLC-analysis of CFE,.

Analysis of the available data suggests the need
to study the role of other important metabolic
substances of L. reuteri. Precursor-directed anti-
microbial biosynthesis strategy is considered one of
the most promising in the development of next-
generation probiotics [10]. This strategy served as
the basis for the search for new precursors.

Well-known biological functions of ascorbic acid
are related to its chemical properties as a reducing
agent. Recently, there has been an interest in
ascorbic acid as an antimicrobial agent. Some of
studies have demonstrated the antimicrobial activity
of ascorbic acid against Gram-positive, Gram-
negative bacteria and fungi [11, 16]. Different
sensitivity of bacteria to ascorbic acid was revealed:
non-acid resistant bacteria were sensitive to the
dissociated form; the lactobacilli were more
sensitive to the non-dissociated form. Important
conclusion was made that the sensitivity of
microorganisms did not depend on sensitivity to
antibiotics. Based on their own observations, the
authors expressed doubt that the antibacterial
activity of ascorbic acid is associated only with
acidification or a decrease in pH. They suggested

that ascorbic acid has a specific effect on the cell
membrane or cell enzymes [11].

The present study showed that the supple-
mentation of culture medium with ascorbic acid
leads to potentiation of the antimicrobial effect of
CFEs obtained from the L. reuteri culture. The
potentiating effect of ascorbic acid was depend on
the concentration and did not depend on the
indicator culture. It should be noted that ascorbic
acid was added to the culture medium in sub-
inhibitory and minimal inhibitory concentrations.
The choice of these concentrations was based on
data previously obtained by other authors in
determining the minimal inhibitory concentrations of
ascorbic acid for pathogenic, opportunistic bacteria
and lactobacilli (L. plantarum) [11, 16].

The results of this study confirmed that the
greatest contribution to the antimicrobial effect of
CFEs was made by organic acids provided a low pH
level. Neutralization of CFSs led to complete loss of
antimicrobial activity or their inhibitory activity toward
test bacteria became negligible. The contribution of the
proteinaceous component to the antimicrobial activity
of CFE,, was little or insignificant.

Chromatographic studies showed that during L.
reuteri cultivation in presence ascorbic acid in sub-
inhibitory and minimal inhibitory concentrations
observed chemical changes in molecular structure of
ascorbic acid. This modification leads to potentiation
of the inhibitory effects of CFEs toward to indicator
cultures.

CONCLUSIONS

1. Ascorbic acid in sub-inhibitory and minimal
inhibitory concentrations potentiates the antimicro-
bial activity of L. reuteri DSM 17938 CFEs against
reference strains: S. aureus ATCC 25923, E. coli
ATCC 25922 and P. aeruginosa XDR clinical isolate
in vitro.

2. The results of this study show that acidic
metabolic products make the largest contribution to
the antimicrobial effect of the studied CFEs.

3. The revealed effect of potentiation of the
antimicrobial activity of CFEs by ascorbic acid
should be taken into account when developing new
biotechnological products based on derivatives of L.
reuteri DSM 17938.
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Abstract. Determination of the effect of cadmium on embryogenesis with isolated administration and in
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