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Recent studies have shown that Escherichia coli induced digestive tract diseases may be related to outer mem-
brane vesicles (OMVs) induced intestinal double-strand breaks (DSBs) in intestinal epithelial cells. This study
aimed to compare the impact of OMVs forces on DSBs in intestinal epithelial Caco-2 cells, and provide a new
treatment for digestive diseases caused by E. coli.

E.coli OMVs were prepared and co-cultured with Caco-2 cells. The uptake of OMVs by Caco-2 cells was ob-
served by confocal microscopy. The y-H2AX protein was detected by western-blots. The DSBs caused by OMVs
was detected by single cell gel electrophoresis.

The particle size analyzer showed that the average diameters of OMVs centrifuged at 20 000xg and 50 000xg
were 217.5+7.29 nm and 186.3+6.59 nm (P<0.05), respectively. Transmission electron microscopy of the OMVs
revealed a lipid bilayer structure with a variety of different sizes. Confocal fluorescence microscopy revealed
that OMVs almost completely entered Caco-2 cells after 24 hours. The ratio of y-H2AX protein band gray value
normalized data in the OMVs centrifuged at 20 000xg and 50 000xg, and the control group (without OMVs)
were 2.23+0.18, 1.58+0.20, 1+0.30 (P<0.05), respectively, while DNA levels of the comet tail (TailDNA%, TDNA%)
were 72.21+14.61%, 23.11+4.98%, and 1.02+1.41% (P<0.05), respectively. The corresponding DNA damage was
categorized as high (grade 3), moderate (grade 2), and no damage (grade 0).

Different sizes of OMVs induced different degrees of DNA damage in intestinal epithelial Caco-2 cells.
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Background
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Material and Methods

Outer membrane vesicles (OMVs) are characterized by a phos-
pholipid bilayer membrane structure and are released from the
outer membrane of bacterial cell walls [1,2]. Almost all bacte-
rial cells secrete OMVs. Bacteria release OMVs by disrupting a
connection between the outer membrane and peptidoglycan,
inducing local membrane curvature, and changing specific
protein levels [3-5]. OMVs from different sources have differ-
ent functions, including regulating host immune response [6],
performing vaccine function [7-9], transporting biomole-
cules [10,11], protecting bacterial cells [12,13], assisting bio-
film formation [14,15], and responding to physical and chem-
ical stresses [16].

Escherichia coli is closely associated with a number of diges-
tive diseases and is harmful to human health if intestinal flora
becomes disordered or unbalanced. E. coli can adhere to in-
testinal epithelial cells and then release substances that have
negative impact on digestive tract, including diarrhea, gastro-
intestinal discomfort, intestinal bleeding, and intestinal adhe-
sions [17-22], which in turn may cause inflammatory bowel
disease, irritable bowel syndrome, or even intestinal cancer.

Recent studies have shown that one possible cause of E. coli-in-
duced digestive tract diseases may be related to OMV-induced
intestinal double-strand breaks (DSBs) in intestinal epithelial
cells. E. coli secrete OMVs, which are induced by intestinal epi-
thelial receptor cells to cause DNA DSBs in intestinal epithelial
cells [23]. Tyrer et al. found that E. coli OMVs enter intestinal
epithelial Caco-2 or HT-29 cells and release virulence factors,
such as virulence proteins, heat labile endotoxins (LTs), and
enterotoxins which can cause DNA DSBs in intestinal epithe-
lial cells [24] and trigger a corresponding digestive tract dis-
ease. DSB induces H2AX phosphorylation in the conserved re-
gion of serine 139 at the C-terminus to form y-H2AX [25-28].
Therefore, detection of y-H2AX has become the gold standard
for DSB detection. A variety of physical, chemical, and biologi-
cal factors that can induce the formation of -H2AX have been
identified to date. Ivashkevich et al. [29] used a y-H2AX kit to
detect DNA damage, while Janaki et al. [30] used single cell gel
electrophoresis (comet assay) to detect DNA DSBs.

In this study, E. coli OMVs were prepared using intestinal epi-
thelial Caco-2 cells and 2 centrifugal forces. The sizes of the 2
OMVs were compared to determine whether they caused the
same damage to the Caco-2 cells. Using this OMV data, the
pathogenicity of E. coli can be explained, which provides a new
treatment for digestive diseases caused by E. coli.
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Cell suspension

Intestinal epithelial Caco-2 cells were purchased from the cell
bank of the Chinese Academy of Sciences, and E. coli (ATCC
25922) was acquired from Qingdao Rishui Biotechnology
Co., Ltd. Caco-2 cells were resuspended in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% FBS, penicillin
(100 pg/mL), and streptomycin (100 pg/mL) and were subse-
quently inoculated in 25-cm? culture dishes and incubated at
37°C and 5% CO,. The cells were allowed to grow to an ap-
proximate confluence of 80% before passaging.

Extraction of OMVs by ultracentrifugation

The LB broth medium was autoclaved for 20 minutes (120°C,
100 Kpa) and then cooled to room temperature. A single col-
ony on the E. coli culture plate was inoculated and cultured
at 37°C and 180 rpm for 10 days. The supernatant was col-
lected by centrifugation at 1500xg for 15 minutes at 4°C
using benchtop centrifuge 5810R (Eppendorf, USA). The su-
pernatant was then filtered through a 0.45-pm filter (Merck
Millipore), followed by a 0.22-pm filter (Merck Millipore), to
remove residual bacteria. The OMVs were obtained by centrif-
ugation at 20 000xg and 50 000xg for 1.5 hours at 4°C in an
ultra-speed refrigerated centrifuge (HITACHI 55P-72, Hitachi,
Japan), washed, resuspended in 1 mL of HEPES buffer, and fi-
nally stored at 4°C for future use.

Particle size analysis

Samples of OMVs (15 pg) obtained using the 2 different cen-
trifugal forces were each dissolved in 1 mL of HEPES buffer and
vortexed for 1 minute to allow OMVs to distribute evenly. The
size distribution of E.coli OMVs was then analyzed using the
Malvern particle size analyzer (Zeta SIZER 3000HS, Malvern, UK).

Transmission electron microscopy

The OMVs obtained by centrifugation at 20 000xg and 50 000xg
for 1.5 hours were gently mixed with 1 mL of 4% glutaralde-
hyde, fixed for 2 hours (4°C), then washed 3 times. The OMVs
were then fixed with 1% osmium tetroxide for 2 hours. OMVs
were dehydrated using conventional ethanol and acetone gra-
dient, followed by impregnation, embedding, and polymeriza-
tion with epoxy resin to prepare semi-thin sections (0.5 um)
for subsequent imaging using a light microscope. Ultra-thin
sample sections (60 nm) were then prepared and stained
using uranium acetate and lead citrate for electron micros-
copy observation.
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Observation of OMV uptake by Caco-2 cells using confocal
microscopy

Dio dye (6 pL, 10 mg/mL) was mixed with 20 pg of the OMV
suspension and stained in a 37°C incubator for 30 minutes.
This was followed by addition of phosphate-buffered saline
(PBS) and washing at 50 000xg for 90 minutes. Dio-traced
OMVs and Caco-2 cells were co-cultured for 0 hours, 12 hours,
and 24 hours and then fixed with 4% paraformaldehyde. The
cells were then stained with 6 pL of DAPI dye (10 mg/mL) for
10 minutes at room temperature. One drop of anti-fluores-
cent culturing agent and appropriate amount of PBS were then
added for observation of OMV uptake by the Caco-2 cells using
confocal fluorescence microscope TCS-SP2 (Leica, Germany).

Western blot detection of y-H2AX protein expression

Caco-2 cell were plated into 6-well plates, incubated with DMEM
containing 10% FBS, penicillin (100 pg/mL), and streptomycin
(100 pg/mL) for 12 hours, and treated with 20 pg OMVs from
the 20 000xg group, the 50 000xg group, and the control group
for 24 hours, respectively. The total protein from each group
was extracted and the loading buffer was boiled for 90 sec-
onds to denature the protein. A 20-pL protein sample was ob-
tained for SDS-PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis). The protein was then fixed under a con-
stant electric field of 250 mA followed by transfer to a nitro-
cellulose membrane. Skim milk powder (5%) was used for
blocking overnight at 4°C, to which the corresponding primary
antibody was added to incubate the proteins at room temper-
ature overnight. The membrane was washed 3 times with Tris-
buffered saline with Tween 20 (TBST) buffer for 10 minutes
each time. Horseradish peroxidase-labeled secondary antibody
was then added and incubated for 1 hour at room tempera-
ture and washed three times with TBST buffer for 10 minutes
each time. The experiment was repeated 3 times and results
were analyzed after color development by ECL.

Single cell gel electrophoresis

A total of 1x10° Caco-2 cells were inoculated in 25-cm? culture
flasks and 20-pg OMV samples were added to the 20 000xg
OMV group and the 50 000xg OMV group after adhering for 4
hours. OMVs were not added to the control group. The 3 groups
were cultured for 24 hours. The cells were digested and washed
once with PBS and the concentration of the cells was adjusted
to 10°-10* cells/mL after centrifugation. Three layers of rubber
sheets were prepared by sequentially using 150 pL of 1% normal-
melting agarose, 10 pL of PBS containing 1000 cells, 100 pL of
0.8% low-melting agarose, and 100 pL of 0.5% low-melting aga-
rose. The coverslips were removed, and the slides were immersed
in fresh cell lysate and incubated for at least 1 hour at 4°C. The
slides were then rinsed twice with PBS, placed in a horizontal
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electrophoresis tank, and immersed in alkaline running buffer
for 20 minutes. Electrophoresis was carried out for 20 minutes at
25V and 300 mA. The slides were then neutralized with Tris-HCl
(pH 7.5) for 15 minutes. Then, 50 pL of the 30-pug/mL ethidium
bromide solution was added dropwise to each slide, which was
subsequently covered with a cover glass, and stained for 20 min-
utes in the dark. The electropherogram was observed and pho-
tographed using a fluorescence microscope and the experiment
was repeated 3 times. The Comet Assay Software Pect (CASP
1.2.3 beta 1) image analysis software was used to analyze each
comet image, where X+SE was used to represent the full length
(CL), tail length (TL), tail moment of the comet (TM), and olive
tail (OTM) for further calculating the tailing factor. According to
the tail DNA concentration (TailDNA%) in tail cells, the degree
of DNA damage was divided into 5 levels: grade 0, no damage
(normal cells) and cell damage rate <5%; grade 1, low DNA dam-
age with cell damage between 5% and 20%; grade 2, moderate
damage with cell damage between 20% and 40%; grade 3, high
damage with cell damage between 40% and 90%; and grade 4,
severe damage with cell damage >95%.

Statistical analysis
The experimental data were processed by SPSS10.0 and t-test
analysis was performed between independent samples. The

results were expressed as mean + standard deviation. P<0.05
indicated statistical significance.

Results

Impact of centrifugal force on OMV size

E. coli OMVs collected using 2 centrifugal forces were detected
by Malvern particle size analyzer. The average particle sizes
for the 20 000xg group, the 50 000xg OMV groups were
217.547.29 nm and 186.3+6.59 nm, respectively (Figure 1A). The
2 groups were significantly different from each other (P<0.05),
as shown in the corresponding histograms (Figure 1B, Table 1).
Transmission electron microscopy clearly showed E. coli OMVs’
lipid bilayer with spherical structures of different sizes and di-
ameters <1 pm (Figure 1C).

Confocal fluorescence observation of OMV in Caco-2 cells

Confocal fluorescence microscopy showed that the control
group without OMVs had only blue nuclei. When Dio-OMVs
were added to the Caco-2 cells, OMVs were initially scattered
around the cells and located far from the nuclei. After 12 hours
of co-culture, green fluorescence of Dio-OMVs was observed
around nuclei, indicating that some Dio-OMVs entered the
Caco-2 cells. After 24 hours of co-culture, the uptake of Dio-
OMVs by Caco-2 cells was significant (Figure 2).
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Figure 1. Escherichia coli outer membrane vesicles (OMV) size and morphology. (A) OMV obtained by 20 000xg and 50 000xg
centrifugation (n=3). (B) Size comparison between 20 000xg and 50 000xg OMV groups (n=3, per group). (C) 20 000xg and
50 000xg OMV group morphology.
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Table 1. OMV size analysis.

Centrifugal force/g Mean/nm )
20 000xg 217.5 7.29
50 000xg 186.3 6.59

SD - standard deviation.

Impact of different OMV sizes on the expression of y-H2AX
protein in Caco-2 cells

E. coli OMVs collected using 2 different centrifugal forces were
co-cultured with Caco-2 cells for 24 hours. Western blot was
used to analyze the ratio of y-H2AX protein band gray value
normalized data in Caco-2 cells and the results showed that ex-
pression of y-H2AX protein in the 20 000xg group, the 50 000xg
group, and the control groups were 2.23+0.18, 1.58+0.20, and
140.30 (P<0.05), respectively (Figure 3A). The expression of
v-H2AX protein statistical analysis of the relative expression
levels of y-H2AX protein revealed significant differences among
the 3 groups (P<0.05) (Figure 3B).

LABORATORY RESEARCH

Impact of OMV size on DNA damage in Caco-2 cells

Caco-2 cells were co-cultured with 20 000xg OMVs and
50 000xg OMVs for 24 hours. Fluorescence imaging was per-
formed using single-cell gel electrophoresis. The results showed
that the tail of 20 000xg OMV group was longer than that of
and 50 000xg OMV group, while the control group exhibited al-
most no tail (Figure 4A). The Comet Assay Software Pect (CASP
1.2.3 beta 1) (Table 2) was used to perform statistical analysis
of TailDNA% for the 3 groups (Figure 4B). The results showed
that TailDNA% of the 20 000xg OMVs group, the 50 000xg
OMVs group, and the control groups were 72.21+14.61%,
23.11+4.98%, and 1.02+1.41%, respectively. Significant dif-
ferences were observed among the 3 groups (P<0.05). The
degree of DNA damage for the 3 groups were high (grade 3),
moderate (grade 2), and no damage (grade 0), respectively.

Al DAPI Dio

1)) Three-dimensional

Figure 2. Confocal microscopy imaging of Dio-labeled outer membrane vesicles (OMVs) taken up by Caco-2 cells.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Indexed in: [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



Ling Z. et al.:

LA B O RATO RY R E S EA RC H E. coli outer membrane vesicles induced DNA double-strand breaks...

© Med Sci Monit Basic Res, 2019; 25: 45-52

3.0 Expression of protein on £. coli OMV with different centrifugal force

50 000xg 20 000xg Control 2.5 *%

| —
y-H2AX — —

] —

Relative protein expression
o
|

20000xg 50 000xg Control

Figure 3. y-H2AX protein levels. (A) Expression of y-H2AX protein. (B) Expression of y-H2AX protein in Escherichia coli outer membrane
vesicles (OMVs) obtained with different centrifugal forces.
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Figure 4. Impact of outer membrane vesicle (OMV) size on DNA damage in Caco-2 cells. (A) Single-cell gel electrophoresis;
(B) TailDNA% in Caco-2 cells for Escherichia coli OMVs obtained with different centrifugal forces.

Discussion electron microscopy imaging showed that although the mor-

phology of OMVs was similar between the 20 000xg OMVs
This study revealed that OMVs prepared by different centrifugal group and the 50 000xg OMVs group, the particle size distribu-
forces are significantly different from each other. Transmission tion of the 2 OMV groups was different, as detected by particle

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Indexed in: [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]




Ling Z. et al.:
E. coli outer membrane vesicles induced DNA double-strand breaks...
© Med Sci Monit Basic Res, 2019; 25: 45-52

LABORATORY RESEARCH

Table 2. Software analysis of tail length (TL), comet full length (CL), tail moment (TM), and olive tail length (OTM) to calculate tailing

DNA rate.

Tail DNA%

Tail length

Comet length Tail moment Olive tail moment

1 67.1583 110

20000« 2 731448 118
""""" 3 86333 124
""""""""""""""""" 1 194584 53
50000xg 2 28787 65
""""" 3 210904 56
""""""""""""""""" 1 0999067 998
Contol 2 013008 97.3465
""""" 3 0903067 99808

197 0.00663 43.9357
19 00796036 528612
11 ooos7e1s 617247
126 103108 858909
e 87 140588
S 19 118106 105368
""""""""" 022104 738742 3
""""""""" 265345 83 3
"""""""" 0192041 107041 3

size analyzer. Furthermore, OMVs of different sizes showed dis-
tinct capability for DNA damage in Caco-2 cells, which was likely
due to distinct OMV inclusions. Currently, differential centrifu-
gation combined with filtration, ultrafiltration, and ExoQuick
kits, among others, is the main method for preparation of ves-
icles of different sizes [31-34]. Each procedure has its advan-
tages and disadvantages and there are no methods that can
generate vesicles of a precise size. Instead, vesicles that fall
within a certain size range can be created. Vesicles with larger
particle sizes can be obtained by low-speed centrifugal force.
The vesicle particle size decreases with increasing centrifugal
force. High speed centrifugal force impacts the extraction of
small and high-purity vesicles. In summary, OMVs prepared by
using distinct centrifugal forces combined with other meth-
ods have different properties, thus carrying distinct informa-
tion and performing distinct biological functions.

Single cell gel electrophoresis (comet assay) is commonly used
to detect DNA DSBs. In this study, cell lysis was performed based
on the principle of degeneration, which further unwinds DNA.
Nuclei are then electrophoresed, and damaged DNA fragments
migrate out influenced by the electric field. The undamaged DNA
remains in the nuclei and migrates slowly. Eventually, staining
with fluorescent DNA dye allows to observe the DNA shape
and migration patterns and to analyze DNA damage via comet
tails and the percentage of tail DNA. The degree of DNA DSB
induced by OMVs can then be determined. Duthie et al. [35]
used Caco-2 cells as an in vitro model of human colon cells and
employed alkaline single-cell gel electrophoresis to determine
DNA damage. Follmann et al. [36] used alkaline gel electropho-
resis to determine DNA DSBs in bovine colon cells. In our study,
alkaline double-cell gel electrophoresis was used to analyze
the DNA DSBs of Caco-2 cells. The results showed that E. coli
OMVs induced significant DNA DSBs (DNA tailing) in Caco-2
cells, which was consistent with results reported by Robichova
and Anderson et al. [37,38]. Further studies have shown that

This work is licensed under Creative Common Attribution-
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both types of OMVs can induce DNA DSBs in Caco-2 cells with
different degree of DNA damage.

DNA DSB is an important type of DNA damage. It is first sig-
naled by the phosphorylation of serine residue of histone H2AX
at the C-terminus near breakpoint, forming y-H2AX [39-41].
Phosphorylated y-H2AX can transfer DNA damage signals fast,
leading to activation of phosphorylation of downstream mol-
ecules and triggering a series of biological cascades and cyto-
logical responses. The results of this study showed that E. coli
OMVs induced higher levels of y-H2AX protein in Caco-2 cells.
Different levels of OMVs induced Caco-2 cells to express dis-
tinct levels of y-H2AX protein. E. coli OMVs also induced changes
in y-H2AX protein levels expressed in Caco-2 cells, which may
be the result of DNA damage in Caco-2 cells.

In conclusion, E. coli OMV-induced DNA damage in intestinal
epithelial Caco-2 cells may be one of the causes for E. coli-
induced digestive diseases. This study revealed that OMVs
centrifuges at 20 000xg were larger than OMVs centrifuged
at 50 000xg, and that 20 000xg OMVs more severely dam-
age Caco-2 cell DNA, which may be related to OMV inclusions.

Conclusions

Our study revealed that E. coli could secrete OMVs, and that
different sizes of OMVs induced different degrees of DNA dam-
age in intestinal epithelial Caco-2 cells.
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