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Abstract The effects of weightlessness on enteric microor-
ganisms have been extensively studied, but have mainly been
focused on pathogens. As a major component of the
microbiome of the human intestinal tract, probiotics are im-
portant to keep the host healthy. Accordingly, understanding
their changes under weightlessness conditions has substantial
value. This study was carried out to investigate the character-
istics of Lactobacillus acidophilus, a typical probiotic for
humans, under simulated microgravity (SMG) conditions.
The results revealed that SMG had no significant impact on
the morphology of L. acidophilus, but markedly shortened its
lag phase, enhanced its growth rate, acid tolerance ability up to
pH < 2.5, and the bile resistance at the bile concentration of
<0.05%. SMG also decreased the sensitivity of L. acidophilus
to cefalexin, sulfur gentamicin, and sodium penicillin. No ob-
vious effect of SMG was observed on the adhesion ability of
L. acidophilus to Caco-2 cells. Moreover, after SMG treat-
ment, both the culture of L. acidophilus and its liquid phase
exhibited higher antibacterial activity against S. typhimurium
and S. aureus in a time-dependent manner. The SMG treat-
ment also increased the in vitro cholesterol-lowering ability of
L. acidophilus by regulating the expression of the key choles-
terol metabolism genes CYP7A1, ABCB11, LDLR, and
HMGCR in the HepG2 cell line. Thus, the SMG treatment

did have considerable influence on some biological activities
and characteristics of L. acidophilus related to human health.
These findings provided valuable information for understand-
ing the influence of probiotics on human health under simu-
lated microgravity conditions, at least.
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Introduction

Long term spaceflight is becoming an inevitable reality. How
to protect the health of human during spaceflight is one of the
urgent issues to be addressed. It has been widely recognized
that environmental stresses would induce microorganisms to
adapt their physiological, metabolic, and/or genetic variance
for the corresponding environments. Such adaptation is also
likely to occur under spaceflight conditions.

Previous studies indicated that the characteristics of micro-
organisms are greatly affected by either actual microgravity or
simulated microgravity (SMG) which achieved through some
ground-based systems, such as high-aspect rotating vessels
(HARVs) and clinostats. It was deserved to refer that the
SMGmodels have been demonstrated to be effective and been
widely used by scientists to simulate the actual microgravity
or reduced gravity conditions, because several studies have
shown that results from various model systems are similar to
results found in real microgravity (Brown et al. 2002; Klaus
and Howard 2006). Experiments conducted in microbial liq-
uid cultures under either actual microgravity or SMG condi-
tions revealed a shorter lag phase, as well as prolonged log
phase (Kacena et al. 1999), larger than average final cell pop-
ulation (Brown et al. 2002), modification of the production of
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secondary metabolites (Fang et al. 1997), and enhancement of
biofilm formation (McLean et al. 2001). In addition, bacteria
grown under these conditions exhibit resistance to multiple
antimicrobial treatments (Lynch et al. 2004; Lynch et al.
2006; Rosenzweig et al. 2010), and becomes more virulent
and thus could potentially cause damage to human health
(Chopra et al. 2006; Nickerson et al. 2000). Transcriptome
and proteome analyses were also carried out to reveal the
mechanism of the effects of the actual microgravity or SMG
on a wide variety of responses (Chopra et al. 2006; Crabbé
et al. 2011; Vukanti et al. 2008).

For the studies about the effect of microgravity or SMG on
intestinal microorganisms, the related reports to date were gen-
erally conducted on normal pathogens, such as Escherichia
coli, Staphylococcus aureus and Salmonellae (Chopra et al.
2006; Nickerson et al. 2000; Rosado et al. 2010). Very few data
are available showing the effect of microgravity on the behavior
of probiotics, except for some studies indicating the significant
decrease of the number of Bifidobacterium and Lactobacillus
under microgravity conditions (Lizko 1991). More importantly,
the decrease of these probiotics was accompanied by an in-
crease of some pathogenic bacteria, such as Escherichia coli
and Proteus spp. (Lizko 1991). Some probiotic strains possess
characteristics, such as resistance tolerance to gastric acidity
and bile toxicity, antibiotic resistance, adhesion to intestinal
epithelial cells, inhibitory activity towards the growth of path-
ogenic bacteria, and inhibition of the adhesion of pathogenic
bacteria (Soccol et al. 2010). These characteristics make such
probiotics beneficial for the health of the host by improving the
intestinal microbial balance and/or the metabolic activities of
the indigenous flora (Darilmaz et al. 2011). Whether the de-
crease of probiotic bacteria under microgravity conditions is
due to the deterioration of survival performance, or the in-
creased cell population or/and the virulence of some pathogenic
microorganisms, remains to be explored. In addition, ecological
regulation using additive probiotics was thought to be helpful
for the regulation and balance of gut flora. However, it is still
unknown whether this kind of regulatory approach under space
environments would be effective. Accordingly, there is a great
interest in understanding the effects of microgravity on the per-
formance of these probiotics.

Lactobacillus acidophilus (L. acidophilus) has been exten-
sively reported as a major beneficial component of the micro-
biota in the human tract and is widely used as probiotics for
ecological regulation in normal life on Earth. Little is known
about what will happen when this strain lives under micrograv-
ity conditions. In this study, the characteristics of L. acidophilus
under simulated microgravity conditions were primarily inves-
tigated focusing on the following aspects: (1) growth curve and
rate, acid and bile tolerance, antibiotic susceptibility, and the
ability of the L. acidophilus cells to adhere to Caco-2 cells
and (2) antimicrobial property and cholesterol-lowering ability
in HepG2 cells of the cultured medium (with and/or without

cells). The obtained results are expected to contribute some
basic information on the responses of probiotics to the simulat-
ed microgravity conditions at the least.

Materials and methods

Bacteria strain and culture conditions

L. acidophilus (ATCC 4356) was bought from the Culture
Collection Center of the Chinese Academy of Sciences
(Beijing, China) and used throughout this study.

Escherichia coli (E. coliATCC 25922), Salmonella enteric
serovar typhimurium (S. typhimuriumCMCC (B) 50,115) and
Staphylococcus aureus (S. aureus ATCC 25923) were main-
tained in the School of Life Sciences, Northwestern
Polytechnical University (Xi’an, China).

Cell lines and cell cultures

The human Caco-2 and HepG2 cells were gifts from the
Fourth Military Medical University (Xi’an, China) and were
grown as monolayers in complete Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 20% fetal bo-
vine serum (FBS), penicillin, and streptomycin (100 μg/ml) in
a 5%CO2 atmosphere at 37 °C. For subcultures, the cells were
harvested by digesting with 0.25% trypsin/0.02% EDTA and
resuspended in fresh DMEM media.

Exposure of L. acidophilus to simulated microgravity
(SMG)

A 2-D RWV (developed by the Chinese Astronaut Research
and Training Center, Fig. 1) was utilized for simulating

Fig. 1 The 2-D RWV SMG system. The clinostat is equipped with
computerized temperature and motor controls. Cells were initially seeded
into the chambers. The chambers were filled with MRS medium, and air
bubbles were carefully removed. The chambers rotated around a horizontal
axis at 30 rpm to achieve a time-averaged gravity vector of 10−3 g (SMG-
treated group), that the cells cannot feel gravity, so that has effects similar to
actual weightlessness. The cells grown in rotated chambers around a
vertical axis served as control (non-SMG-treated group)
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microgravity conditions. The clinostat is a device in which
samples are rotated to prevent the biological system from per-
ceiving the gravitational acceleration vector. The chambers
rotated around a horizontal axis at 30 rpm to achieve a time-
averaged gravity vector of 10−3 g (SMG-treated group), that
the cells cannot feel gravity, so that has effects similar to actual
weightlessness. The cells grown in vertically rotated chambers
served as control (non-SMG-treated group) to exclude the
effects of vibration. The shear stress was limited by filling
the chamber completely with the culture medium (Shi et al.
2012).

Exposure of L. acidophilus to SMG: After adjusting the
OD600 value to 0.03 or 0.3 according to the experimental
design, the L. acidophilus cells were transferred to the above
mentioned chambers to set up the control and SMG groups.
The SMG and control cultures were simultaneously grown
under the conditions of 30 rpm and 37 °C for the designed
period.

Morphological analysis of L. Acidophilus by scanning
electron microscopy

Scanning Electron Microscopy (SEM), with a JSM-6360LV
scanning electron microscope (Jeol, Tokyo, Japan), was used
to observe the morphology of L. acidophilus. Briefly, the 24 h
treated bacteria were centrifuged at 4000 rpm for 15 min to
collect the cells. The bacterial pellet was resuspended in a
2.5% glutaraldehyde solution and kept for 2 h to fix the cells.
The fixed bacterial cells were washed with 0.1 M phosphate
buffer and centrifuged at 3000 rpm for 5 mins, and then the
supernatant was discarded. After another wash, the obtained
cells were dehydrated in an ethanol gradient at concentrations
of 30, 50, 70, 80, 90, and 100% in that order, for 20 min in
each solution. Next, the dehydrated cells were treated with
TBA (tert-butyl alcohol) for 30 mins to remove the residual
ethanol and collected by centrifugation at 3000 rpm for 5mins.
After repeating the TBA treatment three times, the cells were
suspended in 100 μl TBA, dropped on a mica plate, air dried
at room temperature, then coated in gold, and finally observed
by SEM.

Investigation of the profiles of bacterial growth

The profile of the bacterial growth was investigated by the
viable plate counting method. Briefly, after adjusting the ini-
tial OD600 value of the inoculated bacteria culture to about
0.03, the number of bacteria was counted in MRS agar plates
by using the serial dilution method and shown as log CFU/ml.
The cultivation was carried out under the conditions indicated
as control and SMG environment, separately, as described in
Section 2.3. During the cultivation, the amount of the bacteria
was recorded at 2- or 4-h intervals, up to 30 h. The growth rate

was expressed as the mean value of the change of the number
of bacteria per hour.

Measurement of the acid tolerance

L. acidophilus was tested for their ability to survive under
acidic conditions by using the methods described by
Nickerson et al. (2000) with some modifications. The bacteria
cultures were separately inoculated in the fresh de Man,
Rogosa and Sharpe (MRS) medium at pH 1.5, 2.5, 3.5, 4.5,
and the original pH of 6.2. After adjusting the OD600 value of
the liquid culture to 0.3, the amount of the bacteria (the orig-
inal amount) was counted in MRS agar plates using the serial
dilution method. The counted bacteria cultures were then cul-
tivated at 37 °C under the designed control or SMG environ-
ments as described in Section 2.3. During the cultivation, the
number of bacteria was counted at 6 h, and the survival rate
was calculated accordingly.

Measurement of bile salt tolerance

The bile salt toxicity tolerance analysis was conducted under
the above mentioned conditions and methods, except that the
medium contained 0.03, 0.05, 0.1, 0.3, 0.5% of bile (oxgall,
Sigma-Aldrich, Saint Louis, MO, SUA) and the pH was the
natural pH (6.2).

The assay of antibiotic sensitivity

For detection of the antibiotic sensitivity of L. acidophilus, the
cultivation was carried out under the same conditions as above
except that the MRS medium without oxgall was additionally
supplemented with 10 μg/mL cefalexin, 2000 μg/mL chlor-
amphenicol, 20 μg/mL sulfur gentamicin, or 12 μg/mL sodi-
um penicillin. All the cultures were incubated at 37 °C for
18 h. At the end of cultivation, the number of bacteria was
determined by the serial dilution method, and the survival data
was calculated accordingly.

Analysis of the adhesive ability of the bacteria to Caco-2
cells

The adhesive ability of the L. acidophilus strain to the Caco-2
cells was determined as previously described by Chopra et al.
(2006) with minor modifications. The Caco-2 cells were
suspended at a density of 5 × 105 cells/mL, and cultured in a
24-well plate until the cell monolayer reached confluence. A
100 μL volume of the 24-h-SMG-treated or nontreated
L. acidophilus suspension was added to the DMEM
medium-washed Caco-2 cells at a concentration of
5 × 107 CFU/hole (counted by hemocytometer). A 900 μL
volume of fresh DMEM medium (without antibiotics) was
also added into the mixture of bacteria and Caco-2 cells and
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incubated at 37 °C for 2 h. Subsequently, the mixture was
washed five times with PBS to remove the non-adherent bac-
teria from the Caco-2 cells. After adding 0.5 mL PBS contain-
ing 0.05% (v/v) Triton X-100, the cells were lysed for 30 min
at 37 °C. Then, the cell lysates together with bacteria were
serially diluted. A 100 μL volume of the dilution was inocu-
lated ontoMRS agar plates. After incubation for 48 h at 37 °C,
the number of adhered bacteria was counted. The adhesion
rate was expressed as the percentage of the number of adher-
ent bacteria to the original number of bacteria.

The antibacterial activity of the L. acidophilus culture

Antimicrobial activity of the L. acidophilus bacterial culture
suspension and its liquid phase (supernatant) against different
pathogens

The antimicrobial activities of the bacterial culture suspension
and the liquid phase of the 24 h treated or non-treated
L. acidophilus against E. coli, S. typhimurium and S. aureus
were separately measured. The supernatant of the culture was
obtained after a centrifugation at 2000×g at 4 °C for 10 min
using a 5804 R centrifuge (Eppendorf AG 22331, Hamburg,
Germany). The disk diffusion method was used with minor
modifications (Min et al. 2008). Briefly, a 100 μl inoculum of
E. coli, S. typhimurium, and S. aureus (106 CFU/mL) was
spread onto LB agar plates. Disks (diameter = 8 mm) were
saturated with the bacterial suspension or the liquid phase of
the L. acidophilus culture and aseptically placed on the above
LB agar media. After incubation for 24 h at 37 °C, the diam-
eter of the inhibition zone was determined according to the
cross method using a Vernier caliper (HMCT Group, Harbin,
China).

Antimicrobial activity of the supernatant of L. acidophilus
culture obtained at different cultivation times
against S. typhimurium

The antimicrobial activity of the liquid phase of the SMG
treated and non-treated cultures of L. acidophilus against
S. typhimurium was measured according to the above
methods, with supernatant collected at different cultivation
times (6, 12, 20, 24, and 36 h).

Cholesterol-lowering ability

CCK8 assay for cell viability

HepG2 cells (1 × 104/well) were seeded in 96-well plates and
separately treated with 1, 1/2, 1/4, 1/8, and 1/16 concentration
of the liquid phase of the SMG-treated and non-treated cul-
tures of L. acidophilus. FreshMRSmedium was also tested as
a control. The treatment was carried out for 48 h at 37 °C in a

5% CO2 incubator. Subsequently, a 20 μL volume of CCK-8
assay reagent (Cell Counting Kit-8, Dojindo, Japan) was
added to a 200 μL cell suspension per well in the 96-well plate
in triplicate for each treatment. After incubation for another
2 h, the OD value at 450 nm of each well was read by a
microplate reader (BioTek Synergy-4). The cell viability was
expressed as the percentage of the absorbance values of the
treatment group to that of the control group, which was con-
sidered as 100% (Li et al. 2014).

Analysis of cellular total cholesterol (TC) and extracellular
bile acid contents

The measurements were performed using enzyme assay kits
(APPLUGEN, Beijing, China). HepG2 cells were seeded in a
75 cm2 cell culture flask at a density of 6 × 105 cells per flask
and treated with the 1/8 concentration of the liquid phase of
L. acidophilus culture. After a treatment for 48 h, the liquid
phase of the cell culture was collected to measure the level of
extracellular bile acid content, and the cells were washed three
times with PBS and collected to determine the cellular TC
content.

Analysis on the mechanisms of cholesterol-lowering ability

RT-PCRwas used tomeasure the levels of mRNA expressions
of key genes related to cholesterol metabolism in cells. The
tested genes were cholesterol 7a–hydroxylase (CYP7A1), bile
salt export pump (BSEP), hydroxy-3-methylglutaryl-CoA re-
ductase (HMGCR), and the LDL receptor (LDLR).

The primers used in the study are listed in Table 1. The total
RNA from HepG2 cells was extracted using the TRIzol plus
RNA purification kit (Invitrogen, Carlsbad, CA). Synthesis
and amplification of the cDNA were carried out using a
High Capacity cDNA Reverse Transcription Kit (TransGen
Biotech, Beijing, China) following the manufacturer’s instruc-
tions. RT-PCR was performed in 96-well plates on an ABI
qRT-PCR 7500 system (Applied Biosystems, Foster City,

Table 1 Primer sequences used for RT-PCR analysis in the study

Primers Sequences (5′ to 3′)

β-actin Forward AGCCATGTACGTAGCCATCC

Reverse CTCTCAGCTGTGGTGGTGAA

CYP7A1 Forward ACTACCTTCTATTGTAATGGACTC

Reverse TTCAATATCATTCAATGGCGGC

ABCB11 Forward TTCATTGAAGCACTTGAGACTGAG

Reverse TTGCACTCAGTACAACTGCAGAGATC

HMGCR Forward ACATTGTCACCGCCATCTACATTGC

Reverse GGCTTGCTGAGGTAGTAGGTTGCT

LDLR Forward CTGTCTCTGTTGCGGATACCAAGG

Reverse GCGAGTAGATGTCCACACCATTCA
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CA) using SYBR (TaKaRa) as the f luorophore .
Amplifications were performed under the following condi-
tions: 94 °C for 2 min, 35 cycles of 94 °C for 20 s, 55 °C
for 20 s, and 72 °C for 30 s. At the end of the amplification
cycle, a melting analysis was conducted to verify the specific-
ity of the reaction. Differences in mRNA expression were
calculated using the △△CT method after normalizing to β-
actin expression (Shao et al. 2013).

Statistical analysis

All experiments were carried out in triplicate and the mean
values are reported. The Duncan (α = 0.05) test was per-
formed using the SPSS software (Ver.17.0, SPSS Inc.,
Chicago, IL, USA), and the statistical differences between
treatments were determined.

Results

Cell morphology

The morphology and surface microstructure of non-SMG-
treated and SMG- treated L. acidophilus are shown in
Fig. 2a, b, respectively. The two groups showed similar mor-
phological and structural features, indicating that 1-day-SMG-
treatment had no significant effect on the morphology and
structure of L. acidophilus.

Growth profile and growth rate

The effect of SMG on the growth profile and growth rate of
L. acidophilus is shown in Fig. 3a and b, respectively.
Compared to the control group, the SMG treatment resulted in
a shorter lag phase, a faster growth during the first 6 h and a
higher growth rate at the significance level of P < 0.05.
However, after 6 h, the control showed an increased growth rate

and reached a similar number of cells as the SMG treated group
by 16 h. This indicated that SMG could only accelerate the cell
growth at the early stages, but not change their end level.

Tolerance to acid

As the results in Fig. 4 show, at higher acidic conditions
(pH < 2.5), the SMG treatment significantly improved the
survival of L. acidophilus (P < 0.05). As indicated, at the pH
of 1.5 and 2.5, the survival rate was significantly increased
from 25.94 and 68.35% in the non-SMG-treated group to
57.71 and 90.85% of the treated groups, respectively,
(P < 0.05). However, at higher pH, no significant effects on
the SMG-treated group were observed compared to the con-
trol group.

Tolerance to bile toxicity

The effect of SMG on the tolerance to bile by L. acidophilus
wasmeasured with 0.03, 0.05, 0.1, 0.2, and 0.3% bile (Oxgall)
(Fig. 5). It is evident that the SMG treatment was able to
significantly improve the tolerance to bile toxicity of
L. acidophilus at low concentrations of bile (<0.05%), but
not at high concentrations of bile (0.1%–0.3%).

Antibiotic sensitivity

The effect of SMG on the antibiotic susceptibility of
L. acidophilus to cefalexin, chloramphenicol, sulfur gentami-
cin, and sodium penicillin is shown in Fig. 6. Except for
chloramphenicol, the SMG treatment caused a significant en-
hancement of cell tolerance to the other antibiotics tested
(P < 0.05). Especially for sulfur gentamicin, the cell survival
rate was increased from 271.58 to 970.83% after the SMG
treatment.

Fig. 2 Effect of simulated
microgravity (SMG) on the
morphology of L. acidophilus. a
non-SMG-treated. b SMG-treated
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The adhesive ability to Caco-2 cells

The SMG treatment had no statistically significant influence
on the ability of L. acidophilus to adhere to Caco-2 cells,
although the corresponding value was decreased from 4.32
to 3.64% in the SMG group (P > 0.05) (Fig. 7).

Antibacterial activity

The inhibition of the different bacterial pathogens cultures with
bacterial suspension and liquid phase of L. acidophilus are
shown in Fig. 8a and b. The results showed that none of the
samples had inhibitory activity against E. coli (data no shown),
but all showed a strong inhibitory activity against
S. typhimurium and S. aureus. It should be noted that the
bacterial cell suspension had higher inhibitory activity against
the pathogens than the supernatant only (P < 0.05). After SMG
treatments, the antibacterial activity against S. typhimurium and
S. aureus was significantly increased for all samples (P < 0.05).
Additionally, the SMG treatment also increased the antibacterial
activity of L. acidophilus in a time-dependent manner (Fig. 8c).
Taking the antimicrobial ability against S. typhimurium as
example, compared to the non-SMG-treated group, the SMG
effect was not significant at 6–12 h (P > 0.05), but markedly
increased at 20–24 h (P < 0.05). However, the difference
disappeared at the end of the incubation (36 h).

Cholesterol-lowering function

Cell viability

There was no statistically significant difference between
the SMG and control groups of L. acidophilus regarding
their effect on the growth of HepG2 cells at all tested
concentrations (P > 0.05), as shown in Fig. 9a.
Comparatively, 1/8 of the original liquid phase of the
L. acidophilus culture was used in further studies to
avoid the excessive cytotoxicity to the cells.

Determination of cellular TC and extracellular bile acid
contents

The liquid phase of both the SMG-treated and non-SMG-
treated L. acidophilus significantly lowered the TC con-
tent of HepG2 cells (P < 0.05), as shown in Fig. 9b.
Comparatively, the SMG-treated group had higher
cholesterol-lowering ability than the non-SMG-treated
group (P < 0.05), corresponding to a reduction of TC
content of 53.04 ± 21.74 and 30.48 ± 8.14%, respectively.
The amount of bile acid secreted to the medium was also
significantly increased by 32.82 ± 5.47% by the control
group and 46.52 ± 10.60% by the SMG group (P < 0.05)
(Fig. 9c).

Fig. 3 Effect of simulated
microgravity (SMG) on the
growth curve (a) and growth rate
(b) of L. acidophilus

Fig. 4 Effect of simulated microgravity (SMG) on the survival of
L. acidophilus under different pH

Fig. 5 Effect of simulated microgravity (SMG) on the survival of
L. acidophilus under different concentrations of bile
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The level of mRNA expressions of key genes related
to cholesterol metabolism

The mRNA expression levels of key genes related to
cholesterol metabolism in HepG2 cells were analyzed
to determine the cholesterol-lowering mechanism of the
liquid phase of the L. acidophilus culture. As shown in
Fig. 9d, The liquid cultures from both the non-SMG-
treated and SMG-treated groups increased the expres-
sion of the following genes: CYP7A1 (a key gene in
the biosynthesis of bile acid) by 1.66-fold and 2.23-fold
(P < 0.05), respectively; ABCB11 (a crucial gene in-
volved in the efflux of bile acid) was elevated by
1.60- and 1.53-fold, respectively; LDLR (a key gene in
the absorption of plasma LDL-C into the liver) was
raised by 2.22- and 3.22-fold (P < 0.05), respectively.
In contrast, the expression of HMGCR (an essential
gene in the de novo synthesis of cholesterol) was de-
creased to 0.92 (P > 0.05) and 0.31 times (P < 0.05) of
the control by the cultures of non-SMG-treated and
SMG-treated groups, respectively.

Discussion

Along with the development of manned space technology,
long-term spaceflights have been extensively discussed and
planned. It is necessary to specifically determine the effect
of exposure to harsh environmental conditions in space, such
as microgravity, vacuum, and radiation on the gut microbiota
(Edsall and Franzodendaal 2014; Mermel 2013). Previous
studies on the effect of microgravity or SMG on intestinal
microorganisms were generally focused on human pathogenic
microorganisms. However, the effect of microgravity on the
characteristics of probiotics, one of the most important factors
in the fight against human pathogens, has not been extensively
studied up to now.

This study revealed that the 1-day-SMG treatment did not
have a significant effect on the morphology of L. acidophilus,
but it greatly shortened its lag phase and enhanced its growth
rate. This might be due to the SMG conditions that leads to the
absence of sedimentation and buoyancy-driven convection in
the environment, which increases the availability of oxygen
and nutrients from the surrounding environment, thus improv-
ing the efficiency of substrate utilization by the cultured bac-
teria (Brown et al. 2002). The disappearance of this effect at
the later stage of bacteria growth might be due to the nutrient
limit at that time.

The ability to tolerate the stressful conditions of the stom-
ach and upper intestine that contain bile is also important for
lactobacilli to exert its positive health effects (Chou and
Weimer 1999). In the present study, the SMG treatment was
found to significantly contribute to improve the survival rate
of L. acidophilus at low pH levels (pH < 2.5), but not at higher
pH levels. This might be due to the inability of the bacteria to
grow well enough and the positive effect of the SMG treat-
ment was not so significant.

Previous studies suggested that the common bile resistance
mechanism in lactic acid bacteria was strongly connected to
the presence of bile salt hydrolase activity, which probably
exerts a detoxification effect by catalyzing the hydrolysis of
glycine or taurine-conjugated bile salts into amino acid resi-
dues and unconjugated bile salts (Yin et al. 2011). The SMG
treatment might improve the activity of the related hydrolase
and increase the survival rate of the cells at the low bile con-
centration (<0.05%). However, the increase of the enzyme
activity by the SMG treatment was not strong enough to cause
more significant detoxification effect at high bile concentra-
tion levels. As a result, no marked difference was observed in
the survival rate of the cells between the SMG and non-SMG-
treated groups.

During space travel, there is a dysregulation of the human
immune system which may increase risk of infection (Crucian
et al. 2008). In addition, anaerobic colonic flora is diminished
with a proportionate increase in aerobic bacteria such as
Pseudomonas and S. aureus (Ilyin 2005; Mermel 2013).

Fig. 6 Effect of simulated microgravity (SMG) on the survival of
L. acidophilus exposed to different antibiotics. Asterisk indicates
significant difference at P < 0.05

Fig. 7 Effect of simulated microgravity (SMG) on the adhesion ability of
L. acidophilus to Caco-2 cells
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Fig. 8 Effect of simulated
microgravity (SMG) on the
antibacterial activity of the
supernatant and bacterial
suspension against
S. typhimurium (a) and S. aureus
(b) of the L. acidophilus and the
inhibition activity of the
supernatants with different
incubation times against to
S. typhimurium (c). Asterisk
indicates significant difference at
P < 0.05

Fig. 9 Effect of simulated
microgravity (SMG) on the
cholesterol-lowering activity of
the supernatant of the
L. acidophilus a cell viability, b
reduction of cellular total
cholesterol content, c increase of
extracellular bile acid content, and
d gene expression related to
cholesterol metabolism. Asterisk
indicates significant difference
between non-SMG-treated and
SMG-treated at P < 0.05. Sharp
represents significant difference
from control at P < 0.05
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There is also a greater abundance of S. aureus, along with
Enterobacteriaceae (Mermel 2013), which may cause enteric
dysbacteriosis. Accordingly, the antibiotic therapy is a com-
mon and rational approach to treat these infections or gastro-
intestinal disorders. Previous studies showed that some path-
ogens such as E.coli could exhibit resistance to multiple anti-
microbial treatments under either actual reduced gravity or
SMG conditions (Lynch et al. 2006; Taylor and Sommer
2005) which was potentially bad for therapy. The present
study showed that the sensitivity of L. acidophilus to most
of the tested antibiotics was also lowered under the SMG
conditions, which might ensure that the intestinal probiotics
are not easily destroyed by antibiotics, and thus would be
beneficial for maintaining the host health, to a certain extent.

The ability of probiotic bacteria to adhere to the intestinal
epithelium is a prerequisite for probiotic microorganisms to be
effective. Therefore, the ability to adhere to epithelial cells and
mucosal surfaces is an important property of many probiotic
bacterial strains (Collado et al. 2005; Ouwehand et al. 1999).
The SMG conditions were reported to increase the invasive
potential of Salmonella enteric serovar typhimurium (Chopra
et al. 2006). However, in this study, no statistically changewas
detected when the SMG treatment was used for
L. acidophilus, although slightly lower adhesion ability of
L. acidophilus to Caco-2 cells was found in the SMG-treated
group than in the control group.

It is noted that when under the SMG conditions, lack of
sedimentation results in uniform cell distribution throughout
the clinostat, whichmeans the bacteria have higher accessibility
to the undesirable cultural environments such as higher acid and
bile salt concentration and some antibiotics. However, the test-
ed bacteria showed stronger resistant ability to the aforemen-
tioned bad environments when under the SMG conditions. It
indicated that the bacteria itself may have made some changes
to adapt the changed environments or more resistant substances
were produced because of the more accessibility to the nutrients
of the bacteria, against the disadvantageous environments. It
was ever reported that the E.coli grown under SMG conditions
exhibited enhance ability to survive sub-lethal doses of antimi-
crobial agents by increasing its membrane potential and integ-
rity (Vukanti, et al. 2012). SMG conditions had also been found
to markedly increase the production of the enterotoxigenic
Escherichia coli (ETEC) heat-labile enterotoxin, which induced
fluid secretory responses in a mouse model (Chopra et al.
2006). Therefore, further studies such as transcriptome and pro-
teome analyses are needed to examine the changes of the bac-
teria itself and more importantly, the mechanisms of the SMG
influencing the bacteria which is still unknown are urgently
need to be investigated.

As a functional probiotic, the anti-pathogen activity is one of
important properties of L. acidophilus. The antimicrobial ability
of L. acidophilus against some enteropathogens was analyzed
in this study. The bacterial suspension showed relative stronger

inhibition activity against two tested pathogens than the liquid
phase of the culture. This illustrated that the bacterial cells also
had inhibitory ability against the enteropathogens. More impor-
tantly, the SMG-treated cultures always exhibited higher anti-
bacterial activity than those of control. The antimicrobial activ-
ity of lactic acid bacteria against pathogens could be due to their
production of organic acids, hydrogen peroxide, and bacterio-
cins (Vesterlund 2009). Therefore, it is generally possible that
the SMG treatment could induce the production of some bacte-
ricidal or bacteriostatic metabolites, such as bacteriocins by
L. acidophilus. However, further investigation is still needed
to understand the mechanisms of this effect. Moreover, the
SMG treatment exerted some influence on the inhibitory activ-
ity of L. acidophilus in a time-dependent manner. The produc-
tion of antibacterial components was not significantly increased
by the SMG treatment in the early stage of cultivation, but it
was elevated in the later cultivation stages. Finally, an increase
of antibacterial activity by the SMG treatment was detected
after incubation for 20–24 h. However, this increased activity
gradually disappeared that may be due to nutrient exhaustion in
the end stage.

It has been reported that L. acidophilus (ATCC 4356) can
secrete soluble molecules that inhibit the intake of cholesterol
by Caco-2 cells by downregulating the expression of
NPCL1(Huang and Zheng 2010). Liver is the major organ
where the cholesterol metabolism occurs. In liver, cholesterol
is mainly converted into bile acids, and then bile acids are
excreted into the intestine (Meier and Stieger 2002). The more
synthesis and efflux of bile acids, the more cholesterol is elim-
inated. In the present study, this was confirmed by the ob-
served reduction of cellular total cholesterol content and the
increase of extracellular bile acid content in all the tested sam-
ples. In addition, it was found in this study that the liquid
phase of L. acidophilus culture reduced the hepatic cholesterol
content by upregulating the expression of genes involved in
bile acid synthesis (CYP7A1) and efflux (ABCB11) and by
downregulating the gene responsible for the de novo synthesis
of cholesterol (HMGCR). The SMG treatment exerted greater
influence in this way. The significant upregulation ofCYP7A1
in the non-SMG-treated and SMG-treated groups indicated
that the bile acid synthesis was significantly increased by the
SMG treatment. Comparable with the upregulation of
CYP7A1, the expression of ABCB11 was also significantly
increased in both non-SMG and SMG-treated groups. This
would lead to a significant increase of the efflux of bile acids
(Wang et al. 2012), which in turn results in a feedback signal-
ing to promote more conversion of cholesterol to bile acids
and, thus lowered the hepatic cholesterol level. Furthermore,
the significant reduction in HMGCR expression of SMG-
treated groups inhibited the de novo synthesis of cholesterol,
and thus decreased its accumulation in the liver. The overall
decrease in the hepatic cholesterol content mentioned above
increases the demand for cholesterol in liver and would trigger
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the upregulation of LDLR, which would promote more LDL-
C absorption from plasma to liver, and then could improve the
clearance of plasma LDL-C if an animal model was used
(Bartley et al. 2010). This is the first time that the
cholesterol-lowering mechanism of L. acidophilus in view of
hepatic cholesterol metabolism was elucidated, although sim-
ilar observations have been made by other researchers using
other probiotics. This is also the first time that the impact of
probiotics on cholesterol metabolism under SMG condition is
revealed. There have been reports that the International Space
Station (ISS) strains produced larger amounts of exopolymeric
substances than similar control strains on Earth (Mauclaire
and Egli 2010). Therefore, it is conceivable that the SMG
treatment would induce the secretion of more effective mole-
cules or new functional components produced by
L. acidophilus and thus eventually further reduce cholesterol
content. Additional research is still needed to understand the
mechanisms involved in this phenomenon.

In conclusion, the present study revealed that the simulated
microgravity conditions can significantly impact the biologi-
cal characteristics of the tested L. acidophilus, in various as-
pects, including growth profile, acid and bile tolerance, anti-
biotic susceptibility of the bacterial cells, and the antimicrobial
property and ability of lowering cholesterol in HepG2 cells in
the cultured medium. However, the ability of the bacteria to
adhere to Caco-2 cells was not significantly changed under
SMG conditions. Overall, our study provides essential infor-
mation for better understanding the influence of simulated
microgravity on probiotic bacteria, and thus may contribute
to ensure the health of the astronauts in future space flights.
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