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A B S T R A C T

The purpose of this study was to isolate exopolysaccharides (EPS) from lactic acid bacteria (LAB) and evaluate EPS
anti-UVB viability. Lacticaseibacillus rhamnosus VHPriobi O17 with high EPS production was screened from 34
strains of LAB. The EPS (OP-2) produced by L. rhamnosus VHPriobi O17 was purified by alcohol precipitation and
DEAE-μSphere anion exchange chromatography. By ion chromatography, FT-IR spectrum and gel column chro-
matography, EPS (OP-2) was a novel Man-like polysaccharide with the weight-averaged molecular of 84.2 kDa.
The EPS (OP-2) can effectively alleviate HaCaT cells apoptosis and overproduction of reactive oxygen species
(ROS) induced by UVB. The results also showed that it inhibited the release of pro-inflammatory cytokines (IL-1α,
IL-6 and IL-8); and suppressed the phosphorylation cascade of JNK and p38 MAPK to reduce the expression level
of active-caspase3, ultimately prevented cell apoptosis. Thus, the EPS produced by L. rhamnosus VHPriobi O17
have the potential to be used for human anti-UVB irradiation.
1. Introduction

Solar ultraviolet rays irradiated to human skin contain 90–99% UVA
and 1–10% UVB, but the damage of UVB to the skin is 1000 times higher
than that of UVA at the same dose [1]. There are direct and indirect ways
of skin damage induced by UVB. UVB directly acts on the keratinocytes of
the human epidermis and is absorbed by DNA, protein, and other mol-
ecules; which will result in cell death, mutation, and even cancer [2].
UVB irradiation can also lead to the generation of ROS, which indirectly
damage skin cells. ROS activated signaling pathways, including
mitogen-activated protein kinases (MAPK) and nuclear factor-κB
(NF-κB), to promote apoptosis of skin cells. This process will also pro-
mote the secretion of IL-1, IL-6 and other inflammatory factors, which
will stimulate the cells to produce NADPH oxidase enzymes and further
lead to the production of more ROS [3].

At present, the anti-UVB activity of natural products from plants,
animals and microorganisms has aroused people's interest and has been
partially applied in the field of cosmetics. Studies have found that the
natural flavonoid silibinin protected cells from UVB damage by up-
regulating the estrogen receptors (ER) alpha and ER beta pathways [4];
uan).
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trehalose resists UVB-induced skin aging by inhibiting the expression of
matrix metalloproteinases (MMPs) [5]; exopolysaccharide from Pantoea
agglomerans can protect HaCaT cells from UVB damage [6]. A recent
report found that a plant material fermented with lactic acid bacteria
(LAB) exhibited anti-photoaging effects [7].

Some strains of LAB are probiotics, which are live microorganisms
that confer the host health benefits when ingested in sufficient amounts
[8]. And certain LAB have been used in functional food and pharma-
ceutical fields because of their beneficial effects such as regulating im-
munity and balancing intestinal health. Previous studies have shown that
the probiotic effect of LAB is related to its metabolites such as organic
acids, antimicrobial peptides and EPS [9]. The EPS produced by LAB are a
polysaccharide composed of monosaccharides, which are bound to the
cell surface of bacteria in the form of capsules or secreted into the
extracellular environment in the form of mucus. LAB producing EPS have
been widely reported, such as Lacticaseibacillus rhamnosus, Lactobacillus
helveticus, Lactobacillus acidophilus, Lactiplantibacillus plantarum, etc [10].
Noteworthy, Ispirli & Dertli found that the yield of EPS from
L. mesenteroides AP40 was 5.37 g/L, while that from L. kunkeei AP-30 was
0.15 g/L [11]. Therefore, screening LAB with high-yield of EPS is very
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important for industrial applications. There are many reports about the
health effects of EPS produced by LAB. Di et al. reported that four strains
of L. casei produced EPS that inhibited the growth of HT-29 cells [12].
Dinic et al. found that EPS secreted by L. paraplantarum BGCG11 reduced
inflammation in Wistar rats [13]. Other study found that EPS from
L. acidophilus, L. mesenteroides and L. lactis had antioxidant activity [14].
However, there are few studies on the anti-UVB irradiation and related
mechanisms of EPS produced by LAB.

Accordingly, this study aimed to screen out a LAB with high-yield EPS
and identify it. The EPS was purified from the supernatant of the strain
and its structure was analyzed. In addition, human keratinocytes (HaCaT
cells) were used to construct the UVB-induced skin injury model to study
the protective effect of EPS and analyze the potential mechanism.

2. Materials and methods

2.1. Materials

The de Man Rogosa Sharpe (MRS) medium was supplied by Beijing
Land Bridge Technology Co., Ltd. (Guangdong, China). DEAE-μSphere
was purchased from the PAESINO (Wuxi, China). The Human kerati-
nocytes (HaCaT cells) were obtained from Cobioer Biosciences Co., Ltd.
(Ningbo, China). RIPA cell lysate, fat-free milk powder, trypsin, 3-(4,5-
dimethylthiazol-2-11)-2,5-diphenyl tetrazolium bromide (MTT), poly-
vinylidene difluorid (PVDF) and electrochemiluminescence (ECL) so-
lution were obtained from Solarbio Science & Technology Co. Ltd.
(Beijing, China). Roswell Park Memorial Institute (RPMI) and Phos-
phate Buffered Saline (PBS) were purchased from HyClone (South
Logan, UT, USA). Enzyme-linked immunosorbent assay (ELISA) kits for
human interleukin-1α (IL-1α), interleukin-1β (IL-1β), interleukin-6 (IL-
6), and interleukin-8 (IL-8) were obtained from the R&D Systems
(Minneapolis, MN, USA). The primary antibody: anti-phospho-JNK,
anti-phospho-p38 MAPK, anti-active-caspase3, anti-GAPDH were sup-
plied by Abcam (UK).

2.2. Screening and identification of LAB producing EPS

Saliva from the mouths of 6 adults was collected. LAB were isolated
by saliva gradient dilution (10�1, 10�2, 10�3, 10�4 and 10�5) and
spread on MRS plates. Isolated LAB were observed by plate whether the
“ropy” phenotype. Strains with “ropy” phenomenon further detected the
production of EPS. After the strain was cultured in MRS broth for 48 h,
the cell-free supernatant (CFS) was obtained by centrifugation at 4000
� g for 10 min at 4 �C. Subsequently, The CFS was dialyzed against
distilled water through the dialysis membrane (31 mm, 3.1 mL/cm,
yuan ye Bio-Technology, China) with a retained molecular weight of 1
kDa, and distilled water was changed every 12 h. After the CFS was
dialyzed, the EPS concentration was detected by the phenol-sulfuric
acid method [15], and reaction results of glucose solution were used
as standard curves. LAB with the highest yield of EPS was selected for
further experiments.

The identification of LAB was based on the characteristics of colony
morphology, protein expression and genetics. The strain was cultured
on the MRS plate at 37 �C for 48 h, and then the colony morphology and
Gram staining were observed [16]. Picked out the strains and spread
them on the target plate, and prepared the samples according to the
method of mass spectrometry sample pretreatment kit (Autobio,
Zhengzhou, China). After that, the target plate was placed in MALDI
TOF MS (Autof ms 1000, Autobio, China) to complete the protein
profile analysis, and the data analysis was performed by Autof Acquirer
V2.0.59 (Autobio, China). The genetic characteristics of the strain were
analyzed as previously described [17]. Briefly, the 16S rRNA gene of the
strain was extracted and amplified by the polymerase chain reaction
(PCR), and then sequenced at Beijing Genomics Institute (Shenzhen,
China). The phylogenetic tree was constructed using neighbor-joining in
MAGE 5.0.
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2.3. Dynamics of growth and EPS production

The200 μLofMRSbroth inoculatedwithLABwas added toamicroplate
and sealed with 50 μL of sterile glycerin. The microplate was placed in a
microplate reader (MultiskanFC,ThermosScientific,USA) and incubatedat
37 �C for 56 h, and the OD600 value was measured every 8 h. The EPS-
producing LAB were inoculated into 100 mL of MRS broth, cultured at 37
�C for 56 h, and 5 mL of bacterial solution was taken every 8 h and centri-
fuged at 6000 � g for 10 min to obtain the CFS containing EPS. The EPS
content of the CFS was assayed according to the method in section 2.2.

2.4. Isolation of EPS from LAB

2.4.1. Isolation of EPS
The extraction of EPS of LAB according to the previously described

with some modifications [18, 19]. Briefly, strain O17 was inoculated in 1
L MRS broth and aerobic fermentation was carried out at 37 �C for 40 h.
The fermentation broth was heated at 100 �C for 20 min, then bacteria
and denatured proteins were removed by centrifugation at 6000 � g for
10 min. Obtained the CFS was concentrated 5 times by a rotary evapo-
rator (RE-52AA, Yarong Yiqi, China), EPS was precipitated by adding the
double volume of cold absolute ethanol and staying overnight at 4 �C.
After that, centrifugation at 12000 � g for 15 min was performed to gain
crude EPS, and alcohol precipitation again. Trichloroacetic acid (4%,
w/v) was added to the crude EPS solution, kept at 4 �C for 2 h, and
protein was removed by centrifugation at 8000 � g for 15 min. After
removing the protein, the solution of pH was adjusted to 4 with 6 mol/L
NaOH to avoid degradation of EPS in a low pH environment, dialyzed at
last.

2.4.2. Anion exchange chromatography
The obtained EPS solution was carried in a chromatography column

(1.2 � 11.4 cm) filled with DEAE-μSphere. The column was eluted suc-
cessively by 0, 0.05, 0.1, 0.2, 0.4 and 0.6 mol/L sodium chloride at the
speed of 1 mL/min, then collected the eluent at 5 mL per tube. Phenol-
sulfuric acid procedure was used to detect the absorbance of each tube
at 490 nm, the tubes containing EPS were consolidated based on the
peak. Subsequently, dialyzed EPS was freeze-dried for further
experiments.

2.5. Characterization of EPS

2.5.1. Monosaccharide composition
Approximately 5 mg of purified EPS was treated with 1 mL of 2 M

trifluoroacetic acid at 105 �C for 6 h in a sealed tube and dried the sample
with nitrogen. Methanol was added to wash, then blow-dried, and the
washing was repeated 3 times. The leavings were re-dissolved in
deionized water and analyzed by ion chromatography (ICS5000, Thermo
Fisher Scientific, USA) equipped with Carbopac PA-10 anion exchange
column (4.6 � 250 mm, Dionex, USA). Chromatographic data were
analyzed with the software Chromeleon 7.2.

2.5.2. Molecular weight of EPS
Purified EPS solution (5 mg/mL) was transferred to inject vial after

passing 0.22 μm filter membrane. A 20 μL of the sample was sucked into a
BRT105-104-102 tandem gel column (8 � 300 mm, BoRui Saccharide,
China) and refractive index detector (RI-10A, Shimadzu, Japan) for
analysis. According to the curve of standard dextran (molecular weight is
1152, 5000, 11600, 23800, 48600, 80900, 148000, 273000, 409800,
667800 Da), the calculation formula was obtained and the weight-
averaged molecular (Mw) of the sample was calculated.

2.5.3. FT-IR analysis
The purified EPS was dried and mixed with 200 mg KBr powder, then

rubbed and tabletted. The Fourier transform infrared (FT-IR) spectrom-
etry (Nicolet 6700, Thermo Fisher Scientific, USA) was used for infrared
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scanning of the EPS in the wavelength range of 4000–400 cm�1, and
recorded infrared spectrum.
2.6. The effect of EPS on HaCaT cells

2.6.1. Cell culture
HaCaT cells were grown in RPMI medium with 10% (v/v) Fetal

bovine serum and 1% (v/v) penicillin-streptomycin (Solarbio, China).
Cells were cultured in a carbon dioxide incubator (RYX-150, Taisote
Medical Equipment, China) at 37 �C with 5% (v/v) CO2, and the medium
was changed every 3 days.

2.6.2. Treatment of cells with purified EPS
HaCaT cells were seeded on a 24-well plate (2 � 105 cells per well)

and incubated with a 500 μL medium for 24 h. After 24 h of culture, the
medium was replaced by an RPMI medium containing 0, 1, 2, 4, 8, 16
mg/mL purified EPS and incubated for 2 h. Subsequently, each well was
cultured in 500 μL of fresh RPMI medium for 24 h. The percentage of
viable cells was detected by MTT assay and expressed as 100% negative
control cells [20].

2.6.3. UVB irradiation
HaCaT cells cultured in a 24-well plate for 24 h were treated with

medium containing 0, 1, 2, 4, 8, and 16 mg/mL EPS for 2 h, respectively.
After that, the medium was aspirated, adding 150 μL PBS into the well,
and irradiated the cells with a UVB lamp (peak 306 nm, Nanjing Hua-
qiang, China). The irradiance of the UVB lamp was 250 μw/cm2, radia-
tion dose was 7.5, 15 and 30 mJ/cm2. After that, cells were cultured in
the medium for 24 h, and viable cells were detected by the MTT method.
The inverted microscope (YJ051-M, Haosail, China) was used to observe
the cell morphology. Not treated by UVB and EPS was used as a control.

2.6.4. Determination of intracellular ROS and pro-inflammatory cytokines
assay

HaCaT cells were treated with medium containing 0, 1, 2, 4, 8, 16 mg/
mL EPS for 2 h in a 6-well plate, and then irradiated with the UVB lamp of
250 μw/cm2 for 1 min. After cells were cultured for an additional 24 h,
pellet and CFS were collected separately. The relative levels of intracel-
lular ROS were detected by ROS assay kit (YEASEN, Shanghai, China).
ELISA kits were used to detect the concentration of IL-1α, IL-1β, IL-6 and
IL-8 in the CFS, referring to the operating instructions. HaCaT cells
cultured in a 6-well plate were not treated with UVB and EPS as control.
Table 1. Screening and yield of LAB Producing EPS.

Strain number Classification Ropinessa Yield (mg/mL)

E01 L. plantarum -

E11 L. rhamnosus -

E15 L. plantarum -

E20 L. paracasei -

E31 L. paracasei þ 0.325 � 0.09

F03 L. casei -

F05 L. plantarum -

F06 L. acidophilus -

F08 L. acidophilus -

F10 L. plantarum -

F12 L. fermentum -

F15 L. lactis -

F22 L. casei -

F32 L. lactis -

F50 L. plantarum þ 0.274 � 0.05

O04 L. plantarum -

O05 L. salivarius -

a þ, ropiness phenotype; -, not ropiness phenotype.
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2.6.5. Western blot analysis
The HaCaT cells were treated as described in section 2.6.4 for Western

blot analysis. After removing CFS, 400 μL trypsin was added to each well
and incubated in the carbon dioxide incubator for 5 min. Then 1 mL me-
diumwas added to terminate the reaction and centrifuged to obtain cells at
500� g for 5 min at 4 �C, the cells were washed twice with cold PBS. After
that, the expression levels of phospho-JNK, phospho-p38 MAPKs and
active-caspase3 were detected, and GAPDH as the internal standard.
HaCaT cells were lysed with RIPA lysate and centrifuged at 12000 � g for
15 min at 4 �C to obtain the crude protein solution. Protein concentrations
were tested by BCA kit (Thermo Fisher Scientific, USA) and each sample
was adjusted to the same protein concentration. Each sample was loaded
with 20 μL into 10% SDS-PAGE for separation and transferred to the PVDF
membrane. Subsequently, the PVDFwas enclosedwith 5% fat-freemilk for
1 h, then incubated with primary antibody for 2 h, and finally incubated
with secondary antibody (goat anti-rabbit, HRP, ABclonal, China) for 1 h
at 37 �C. After themembranewas treatedwith ECL solution, it was put into
a dark box to press the gel, and then the protein band was obtained by
scanning with a scanner (K836, BenQ, China).
2.7. Statistical analysis

The data are expressed as mean� standard deviation. Themean value
was obtained by one-way analysis of variance (ANOVA) and Duncan's
test was performed using SPSS 20.0 software (IBM, Armonk, USA). P <

0.05 was considered statistically significant. All experiments were per-
formed in triplicates.

3. Result

3.1. Screening and identification of LAB producing EPS

We isolated 34 strains of LAB from saliva, as shown in Table 1. A total
of 8 strains have the ropy phenotype. Among them, Strain O17 had the
highest EPS yield, reaching 0.603 mg/mL. Strain O17 was further char-
acterized as shown in Figure 1. The colony of strain O17 was bulged and
smooth (Figure 1A), the bacteria were rod-shaped and Gram-positive
(Figure 1B). MALDI TOF MS results showed that the strain O17 had
obvious peaks at m/z 2946.082, 3476.573, 3791.097, 4692.724,
5892.635, 6953.051, 7581.626, and 9382.474, etc (Figure 1C). Autof
Acquirer software was used to analyze and compare the results. It was
found that the protein expression of strain O17 was the most similar to
Strain number Classification Ropinessa Yield (mg/mL)

O06 L. plantarum -

O09 L. salivarius -

O17 L. rhamnosus þ 0.603 � 0.11

O41 L. paracasei -

O42 L. fermentum -

O43 L. rhamnosus þ 0.397 � 0.12

O44 L. paracasei -

O45 L. fermentum þ 0.314 � 0.06

O46 L. fermentum -

O47 L. salivarius -

O48 L. fermentum þ 0.135 � 0.03

Y06 L. rhamnosus -

Y15 L. paracasei -

Y20 L. rhamnosus þ 0.113 � 0.04

Y21 L. acidophilus -

Y30 L. helveticus -

YB32 L. brevis þ 0.286 � 0.09



Figure 1. Identification of the Lacticaseibacillus rhamnosus VHPriobi O17. A, Colonial morphology of L. rhamnosus VHPriobi O17. B, Gram staining of L. rhamnosus
VHPriobi O17. C, Mass spectrum of L. rhamnosus VHPriobi O17 by MALDI-TOF MS. D, Phylogenetic tree of L. rhamnosus VHPriobi O17 according to the 16S
rDNA sequence.
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that of L. rhamnosus, and the score was 9.536 (scores between 9 and 10
were considered to be effective). The similarity analysis of the 16S rRNA
gene showed that the similarity between strain O17 and L. rhamnosus
MF2 was 99%, and the phylogenetic tree was shown in Figure 1D. The
16S rDNA sequence of strain O17 was submitted to NCBI with the
sequence number MZ144127. In summary, strain O17 was identified as
L. rhamnosus and named as L. rhamnosus VHPriobi O17.

3.2. Strain growth curve, production and purification of EPS

The growth curve of strain O17 was shown in Figure 2A. The OD600
increased slowly from 0 to 8 h, OD600 began to increase sharply at 8 h,
4

and OD600 no longer increased significantly from 32 to 56 h. In contrast,
the concentration of EPS was 0 mg/mL from 0 to 8 h; the concentration of
EPS increased rapidly after 8 h and reached the maximum value at 40 h
(Figure 2A). Therefore, the CFS of strain O17 cultured for 40 h was used
for the purification of EPS.

The CFS of strain O17 was precipitated with alcohol three times and
deproteinized with trichloroacetic acid to obtain crude EPS. The crude
EPS was further eluted through a DEAE-μSphere chromatography column
and the elution curve was shown in Figure 2B. Two kinds of EPS were
isolated by chromatographic column, OP-1 was eluted by 0 M NaCl and
OP-2 was eluted by 0.05 M NaCl. Through the preliminary experiment, it
was found that the anti-UVB activity of OP-1 was much lower than that of



Figure 2. A, growth curve and exopolysaccharides (EPS) production of
L. rhamnosus VHPriobi O17. B, chromatographic diagram of EPS separated by
DEAE-μSphere anion exchange Column. Data are presented as the mean �
standard deviation (n ¼ 3).

Table 2. The monosaccharide compositions of EPS (OP-2).

Sugar components Mole percentage (%)

Fuc nd

D-GalN 2.29

Rha nd

Ara 1.15

GluN 3.94

Gal 2.25

Glc 7.85

Xyl nd

Man 82.89

Fru nd

Rib nd
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OP-2; the content of OP-2 was higher and the degree of separation was
higher. Hence, EPS (OP-2) was used in subsequent experiments.

3.3. Characterization of EPS

3.3.1. Monosaccharide composition of EPS (OP-2)
The monosaccharide composition of EPS (OP-2) was tested by the

ICS5000 ion chromatography system, and the results were shown in
Table 2. As shown in Figure 3A, compared with the ion chromatogram of
standard monosaccharides, only D-GalN, Ara, GluN, Gal, Glc, and Man
were detected in EPS (OP-2) with their molar ratio were 2.29%, 1.15%,
3.94%, 2.25%, 7.85% and 82.89%, respectively (Table 2).
5

3.3.2. FT-IR analysis of EPS (OP-2)
The FT-IR spectra was shown in Figure 3B. EPS (OP-2) showed a

strong and wide absorption peak at 3396.51 cm�1, indicating that there
was an O─H bond stretching vibration between or within the molecules.
The spike near 2933.88 cm�1 was caused by C─H stretching vibration.
The absorption peaks at 1652.68 cm�1 and 1541.63 cm�1 were caused by
C─O stretching vibration and asymmetric stretching vibration, respec-
tively. The band of 1412.76 cm�1, 1382.77 cm�1 and 1246.37 cm�1 were
due to C─H variable-angle vibrations. The band of 1132.11 cm�1 indi-
cated the existence of C─O─C stretching vibration in pyranose. The
strong absorption peak at 1057.75 cm�1 was caused by the bending vi-
bration of the C─O bond in the C─O─H or C─O─C structure, which also
proved the existence of pyranoside. The peak at 974.89 cm�1 was due to
the rolling vibration of the deoxysugar methine, indicating the presence
of deoxysugar in EPS (OP-2). The peak at 903.98 cm�1 was caused by the
C─H angular vibration of the β-terminal isomerization of pyranose. The
absorption peak of 812 cm�1 is the characteristic peak of β-pyranose with
Man residues.

3.3.3. The weight-averaged molecular of EPS (OP-2)
The Mw of EPS (OP-2) was analyzed by gel chromatography. The

elution curve was shown in Figure 3C, and a single peak appeared at
about 46.8 min. According to the standard curve of Dextran (Figure 3D),
the Mw of EPS (OP-2) was calculated to be 84.2 kDa.
3.4. The effect of EPS (OP-2) on HaCaT cells

3.4.1. The influence of EPS (OP-2) on cell viability
The toxicity of EPS (OP-2) to HaCaT cells was shown in Figure 4A.

The results showed that EPS (OP-2) had no significant effect (p > 0.05)
on HaCaT cell viability. The viability of HaCaT cells decreased signifi-
cantly (p < 0.05) by UVB radiation in a dose-dependent manner, as
shown in Figure 4B, C and D. After treatment with 7.5, 15 and 30 mJ/
cm2 UVB, the cell viability decreased to 49.97%, 27.17% and 19.35%,
respectively. However, HaCat cells were pre-treated with EPS (OP-2)
for 2 h before UVB radiation, and the damage of UVB on cells could be
inhibited. For each UVB treatment group, the residual viability of cells
increased with the increase in the dose of EPS (OP-2). Moreover, the
morphological characteristics of HaCaT cells showed that the number of
cells gradually increased with the increase of EPS (OP-2) dose (not
shown), which was consistent with the results of the cell viability
experiment.

3.4.2. The effect of EPS (OP-2) on intracellular ROS and pro-inflammatory
cytokines production

As shown in Figure 5A, UVB exposure rapidly increased intracellular
ROS, whereas EPS (OP-2) dose-dependently decreased intracellular ROS
in the concentration range of 1–16 mg/mL. The contents of IL-1α, IL-1β,
IL-6 and IL-8 in the CFS of the control were relatively low (Figure 5B, C, D
and E). After UVB induction, the contents of IL-1α, IL-6 and IL-8 elevated
markedly (p < 0.05); while IL-1β did not change significantly (p > 0.05).
With the increase of EPS (OP-2) pretreatment dose, the secretion of three
cytokines induced by UVB decreased gradually (p < 0.05). The above
results showed that EPS (OP-2) pretreatment before UVB irradiation
could significantly inhibit intracellular ROS levels and pro-inflammatory
cytokines production.

3.4.3. Western blot
In this study, the expression of JNK, p38 MAPK and their downstream

apoptotic protein caspase3 in HaCaT cells were assayed, as shown in
Figure 6A, B. The results showed that the expression of phospho-JNK,
phospho-p38 MAPK and active-caspase3 in HaCaT cells were signifi-
cantly increased after UVB treatment (p < 0.05). But after EPS (OP-2)
pretreatment, their expression was inhibited and the inhibitory effect
enhanced with the increase of dose.



Figure 3. Structure characterization of EPS (OP-2) produced by L. rhamnosus VHPriobi O17. A, monosaccharide composition. B, FT-IR spectra. C, Gel column
chromatogram. D, a standard curve of average molecular weight of the GPC method.
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4. Discussion

The EPS produced by LAB have been extensively studied due to its
good biological activities, such as antioxidant, antitumor and antibacte-
rial [21]. And EPS can also improve the physical and chemical properties
of fermented food [22]. In this paper, we screened an L. rhamnosus
VHPriobi O17 with high-yield EPS. It had been reported that some
L. rhamnosus can improve human immunity and regulate intestinal flora,
such as L. rhamnosus GG [23] and L. rhamnosus HN001 [24]. In addition,
it had also been reported that EPS produced by L. rhamnosus LOCK 0900
can inhibit allergic reactions [25]. In this study, we screened strain O17
6

with EPS production from 34 strains of LAB. The EPS of strain O17 began
to produce in the logarithmic phase and reached the maximum in the
early stable period, which indicated that the EPS was a secondary
metabolite [26]. In addition, the EPS concentration of strain O17 in the
CFS was 0.603 mg/mL at 40 h. The EPS yield of this strain was higher
than that of L. rhamnosus R (0.495 mg/mL) and L. rhamnosus C83 (0.1
mg/mL) [27, 28].

Then we purified the EPS (OP-2) and characterized its structure.
Previous studies have shown that EPS of LAB were mainly composed of
monosaccharides, such as Glu, Man, Gal, Rib and Rha [29]. Our results
showed that the EPS (OP-2) produced by strain O17 was a



Figure 4. A, Toxicity of EPS (OP-2) purified from L. rhamnosus VHPriobi O17 to HaCaT cells. B-D, protective effects of EPS (OP-2) on HaCaT cells exposed to UVB
(radiation doses are 7.5 mJ/cm2, 15 mJ/cm2, and 30 mJ/cm2, respectively). Data are presented as the mean � standard deviation (n ¼ 3). Mean values with different
letters are significantly different (p < 0.05).

Figure 5. Effects of purified EPS (OP-2) from L. rhamnosus VHPriobi O17 on intracellular ROS (A), IL-1α (B), IL-1β (C), IL-6 (D), and IL-8 (E) in HaCaT cells exposed to
UVB at 15 mJ/cm2. Data are presented as the mean � standard deviation (n ¼ 3). Mean values with different letters are significantly different (p < 0.05).
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heteropolysaccharide composed of D-GalN, Ara, GluN, Gal, Glc and Man
in a molar ratio of 5:3:9:5:19:198. This is significantly different from the
previously reported EPS composition produced by L. rhamnosus. For
example, the EPS of L. rhamnosus JAAS8 is composed of Gal, Glu and
N-GluNAc in a ratio of 4:1:1 [30]; L. rhamnosus GG is composed of Rha,
Gal and 2-deoxysugar-2-amino-D-Glu in a relative ratio of 9:75:16 [31].
Although EPS (OP-2) consisted of six monosaccharides, Man accounted
for 82.9%. Therefore, it may be a Man-like polysaccharide. Moreover, it
has been reported previously that Man polymers have many health
characteristics such as alleviating constipation, absorbing cholesterol,
preventing cancer, and enhancing immunity [32]. The functional groups
7

in EPS (OP-2) were quickly and simply identified by FT-IR analysis. From
the spectrum, we can see that the spectrum is a typical absorption peak of
EPS of LAB. In our study, the FT-IR spectrum of EPS (OP-2) showed strong
peaks at 1132.11 and 1057.75 cm�1, which were characteristic peaks of
Man and positively correlated with the content [33]. This also indicated
that EPS (OP-2) contained a large amount of Man, which was consistent
with the experimental results of monosaccharide composition. Based on
the existing results, we can infer that EPS (OP-2) is mainly composed of
β-Manp. As far as we know, the EPS secreted by LAB has not been re-
ported with a similar structure. There was a single peak in the elution of
the EPS (OP-2) in the gel column, indicating that EPS (OP-2) was



Figure 6. Effects of purified EPS (OP-2) from
L. rhamnosus VHPriobi O17 on the expression in
HaCaT cells exposed to UVB at 15 mJ/cm2. A,
Representative Western blot for phospho-JNK, phos-
pho-p38 MAPK, and active-caspase3 in cells. B,
Quantification of phospho-JNK, phospho-p38 MAPK,
and active-caspase3 blots. Data are presented as the
mean � standard deviation (n ¼ 3). Significant dif-
ferences (p < 0.05) are indicated by different letters.
The uncropped images of (A) were referred to in
supplementary F 1.
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relatively pure and homogeneous. The Mw of polysaccharides will affect
its biological activity. For example, the antioxidant activity of poly-
saccharides with low Mw is higher than that with high Mw [34]. The Mw
of EPS (OP-2) produced by strain O17 was lower than the reported EPS
produced by L. acidophilus (152.64 kDa), L. casei (178.72 kDa),
L. mesenteroides (123.84 kDa) and L. lactis (131.44 kDa) [14]; far lower
than L. plantarum AR307 (605 kDa) [35]. In conclusion, EPS (OP-2)
produced by strain VHPriobi O17 should be a novel Man-like poly-
saccharide with health effects.

It is well known that UVB irradiation can induce skin damage. If
people do not pay attention to protection, it can cause a variety of skin
diseases, which can eventually lead to skin cancer. In this study, we
demonstrated that EPS (OP-2) from strain VHPriobi O17 inhibited UVB-
induced skin cell death and explored the potential mechanism. Our re-
sults suggested that UVB irradiation could remarkably reduce the
viability of HaCaT cells, the residual viability decreased with the increase
of UVB dose, and similar results can be seen in previous studies [36].
Oxidative stress induced by UVB radiation results in excessive production
of intracellular ROS in skin cells, causing cells damage and eventually
apoptosis [37]. Our results also showed that intracellular ROS increased
rapidly after exposure to UVB. Our previous study found that EPS (OP-2)
not only had obvious scavenging activity on DPPH and hydroxyl radical,
but also inhibited lipid peroxidation (data not shown). So we further
explored the effect of EPS on UVB-induced intracellular ROS. The results
showed that EPS (OP-2) effectively suppressed UVB-induced elevation of
intracellular ROS. Therefore, EPS reduced intracellular ROS due to its
antioxidant activity, thereby alleviating the damage of UVB on skin cells.

Intracellular ROS generated by UVB irradiation regulates a variety of
protein phosphorylation signaling pathways [38]. Simon et al. found that
ROS indirectly or directly mediated caspase activation [39]. In addition,
Okayama believed that intracellular ROS also plays an important role in
skin inflammatory response [40]. Therefore, ROS should be an important
medium for UVB-induced inflammatory response and apoptosis. In this
8

research, we observed that HaCaT cells increased the production of IL-1α,
IL-6 and IL-8 after exposure to UVB. However, there was no significant
change in the production of IL-1β, inconsistent with the results reported
by Kim et al. [41], whichmay be due to the difference in individuals from
cell sources. Moreover, the production of IL-1α, IL-6 and IL-8 was
inhibited after pretreatment with EPS (OP-2). This suggested that EPS
(OP-2) reduced intracellular ROS level, furthermore inhibited IL-1α, IL-6
and IL-8 secretion to relieve UVB-induced HaCaT cells injury.

Apoptosis is a regulated process that allows cells to self-degrade so
that the body can eliminate unwanted or dysfunctional cells, and its in-
ternal pathway is initiated by intracellular mitochondrial release signal
factors [42]. Previous reports have confirmed that UVB can activate
MAPK signaling pathway to induce apoptosis [43]. Among them, JNK
and p38 MAPK are mainly involved in cell responses to inflammation or
stress signals, including pro-inflammatory cytokines and UV irradiation
[44]. Caspase3 is a member of the caspase family that promotes irre-
versible apoptosis after activation [45]. Li et al. found that liquiritin in-
hibits UVB-induced skin injury by inhibiting the MAPK/caspase3
signaling pathway to inhibit apoptosis [46]. More and more evidence
also shows that ROS induced by UVB radiation acts as the second
messenger of MAPK signaling pathway activation [47]. Our data sug-
gested that EPS (OP-2) may protect cells from UVB-induced apoptosis by
reducing intracellular ROS, thereby inhibiting the expression of
phospho-JNK and phospho-p38MAPK and weakening active-caspase3. It
should be noted that EPS from Pantoea agglomerans also has similar
anti-UVB effects, but only activates JNK rather than p38 MAPK [6]. In
addition, some studies believed that the production of pro-inflammatory
cytokines was also mediated by the MAPK signaling pathway. A previous
study found that the p38 MAPK pathway mediated IL-6, IL-8 and Cox-2
production [48]. However, Kim et al. reported that UVB induced a sig-
nificant increase in IL-6 after treatment with a p38 MAPK inhibitor [49].
Although the expression of phospho-p38 MAPK and secretion of IL-6 and
IL-8 were significantly decreased after pretreatment with EPS (OP-2) in
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this study, whether pro-inflammatory cytokines were mediated by MAPK
signaling pathway needs further verification. Furthermore, the clinical
efficacy of EPS (OP-2) in the body also needs to be further explored.

5. Conclusion

We screened an L. rhamnosus with high-yield EPS and named it
L. rhamnosus VHPriobi O17. The EPS (OP-2) was a novel Man-like
polysaccharide with a weight-averaged molecular of 84.2 kDa. It can
inhibit the generation of intracellular ROS in UVB-irradiated HaCaT cells;
reduce the production of IL-1α, IL-6 and IL-8 to reduce inflammatory
response; meanwhile, arrest the activation of caspase3 through JNK and
p38 MAPK signaling pathways, which ultimately prevented apoptosis.
Our results showed that L. rhamnosus VHPriobi O17 and its EPS have
significant health benefits on human skin.
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