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Intestinal microbial interactions with the host epithelium have important roles in host
health. Our previous data have suggested that Lactobacillus gasseri LA39 is the
predominant intestinal Lactobacillus in weaned piglets. However, the regulatory role of
L. gasseri LA39 in the intestinal epithelial protein expression in piglets remains unclear.
In the present study, we conducted comparative proteomics approach to investigate
the intestinal epithelial protein profile alteration caused by L. gasseri LA39 in piglets.
The expressions of 15 proteins significantly increased, whereas the expressions of 13
proteins significantly decreased in the IPEC-J2 cells upon L. gasseri LA39 treatment.
Bioinformatics analyses, including COG function annotation, GO annotation, and KEGG
pathway analysis for the differentially expressed proteins revealed that the oxidative
phosphorylation (OXPHOS) pathway in IPEC-J2 cells was significantly activated by
L. gasseri LA39 treatment. Further data indicated that two differentially expressed
proteins UQCRC2 and TCIRG1, associated with the OXPHOS pathway, and cellular
ATP levels in IPEC-J2 cells were significantly up-regulated by L. gasseri LA39 treatment.
Importantly, the in vivo data indicated that oral gavage of L. gasseri LA39 significantly
increased the expression of UQCRC2 and TCIRG1 and the cellular ATP levels in
the intestinal epithelial cells of weaned piglets. Our results, both in vitro and in vivo,
reveal that L. gasseri LA39 activates the OXPHOS pathway and increases the energy
production in porcine intestinal epithelial cells. These findings suggest that L. gasseri
LA39 may be a potential probiotics candidate for intestinal energy production promotion
and confers health-promoting functions in mammals.
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INTRODUCTION

Growing evidence has suggested that intestinal microbes have critical roles in intestinal homeostasis
and host health (Sommer and Backhed, 2013). Intestinal microbes have been found to function in
host immune defense system maturation (Ivanov et al., 2009), intestinal epithelium differentiation
(Sommer and Backhed, 2013), and nutrients digestion (Backhed et al., 2007). However,
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intestinal microbial dysbiosis can cause host gastrointestinal
diseases (Borody and Khoruts, 2011), such as irritable bowel
syndrome, inflammatory bowel disease, and diarrhea. An
increasing number of studies have investigated the health-
promoting roles of probiotics (Ventura et al., 2009; Lemon et al.,
2012). According to the Food and Agriculture Organization
of the United Nations and the WHO (FAO/WHO), probiotics
are defined as “live microorganisms which when administered
in adequate amounts confer a health benefit on the host”
(Hill et al., 2014). The intestinal microbe-host interaction
has become a research focus in microbiology (Kim et al.,
2010). Thus, exploring the potential regulatory role of
probiotic candidates in intestinal epithelium is of great
significance.

Proteomics has been used in intestinal microbiota-host
interaction research (Olivares et al., 2012; Siciliano and Mazzeo,
2012; van de Guchte et al., 2012; Luo et al., 2013; Ayllón et al.,
2017). Olivares et al., using 2-dimensional gel electrophoresis
(2-DE) and MALDI-TOF-TOF peptide fingerprinting, showed
that oral gavage of rats with Bifidobacterium longum modulated
the jejunal proteome in rats (Olivares et al., 2012). Luo et al.
demonstrated that the probiotic, Enterococcus faecium altered
the proteome in the intestinal mucosa of the broilers. Using
2-D fluorescence difference gel electrophoresis (DIGE), they
exhibited that the chickens fed with E. faecium used less nutrient
and energy while responding to the immune and antioxidant
stresses (Luo et al., 2013). Ayllón et al., 2017 suggested that both
host and pathogen factors were responsible for the commensal
or infectious character of Campylobacter jejuni in different
hosts, using sequential window acquisition of all theoretical
fragment ion-mass spectrometry (SWATH-MS). Currently, a
proteomics approach, termed isobaric tags for relative and
absolute quantification (iTRAQ), has been widely performed to
evaluate the alteration of protein expression profiles because of its
several advantages, including high sensitivity, high-throughput,
and accuracy (Treumann and Thiede, 2010). It has been used
by us to investigate the alteration of protein expression profiles
in weaned piglets (Fan et al., 2017; Hu et al., 2017). However,
the iTRAQ strategy has not been used to evaluate the role of
intestinal microbes in intestinal epithelial protein expression
regulation.

Given the similarities in the anatomy and nutritional
physiology between pigs (Sus scrofa) and human beings, the
pig has been used as a research model (Vodicka et al., 2005;
Maxmen, 2012; Meurens et al., 2012; Nielsen et al., 2014).
Considering that members of the Lactobacillus genus may
be potential probiotic candidates (Kleerebezem et al., 2010;
van Baarlen et al., 2013), we mainly focused on the health-
promoting roles of a Lactobacillus species. Our previous data
showed that Lactobacillus gasseri LA39 was a predominant
intestinal Lactobacillus in the weaned piglets (Hu et al.,
2016). L. gasseri LA39 was found to produce gassericin
A bacteriocin (Kawai et al., 1994) which is active against
several pathogenic bacteria (Kawai et al., 2001), suggesting a
probiotic potential of L. gasseri LA39. However, the regulatory
role of L. gasseri LA39 in the expression of the intestinal
epithelial proteins remains unclear. The present study was

designed to investigate the potential role of L. gasseri LA39
in intestinal epithelium regulation using iTRAQ strategy.
Our findings revealed that L. gasseri LA39 could activate
the oxidative phosphorylation (OXPHOS) pathway in porcine
intestinal epithelial cells showed. The ATP levels were also
significantly increased with L. gasseri LA39 treatment. Our
results suggest that L. gasseri LA39 may facilitate increasing
intestinal energy production and confer health-promoting
functions in mammals. Our data also further suggest the
important interactions of gut microbes with host physiology in
mammals.

MATERIALS AND METHODS

In vitro Assay of Bacterial Adhesion to
Intestinal Porcine Epithelial Cell Line
From the Jejunum (IPEC-J2) Cells
IPEC-J2 cells were cultured in DMEM/F12 (Gibco, 11320-033)
containing 10% FBS (Gibco, 10099-141) in 5% CO2 at 37◦C.
The L. gasseri LA39 (JCM 11657) was obtained from the Japan
Collection of Microorganisms (JCM). It was cultured in de Man,
Rogosa and Sharpe (MRS) medium at 37◦C in an anaerobic
incubator. The viable IPEC-J2 cell count was performed by
trypan blue staining and subsequent microscopic counting, and
the viable L. gasseri LA39 count was performed with methylene
blue staining, followed by microscopic counting. To investigate
the bacterial adhesion to IPEC-J2 cells, we used a method
combining bacterial fluorescein-5-isothiocyanate (FITC) labeling
and intestinal epithelial cellular plasma membrane labeling by
wheat germ agglutinin (WGA). Briefly, viable L. gasseri LA39
were co-incubated with FITC dye (Thermo Fisher Scientific,
F1906) for 1 h at room temperature, and then washed 3
times with PBS. Subsequently, FITC-labeled L. gasseri LA39
were added into the IPEC-J2 cell medium for 2 h or 4 h,
the initial ratios of L. gasseri LA39 numbers to IPEC-J2 cells
numbers were 1:1, 10:1, or 100:1. Following co-culture, IPEC-
J2 cells were washed three times with PBS to remove the
L. gasseri LA39 that has not adhered and then fixed with 4%
paraformaldehyde solution. After washing three times with PBS
buffer, the IPEC-J2 cells were incubated with 5 µg/ml WGA
(Thermo Fisher Scientific, W32466) at room temperature for
10 min. Finally, FITC fluorescence (excitation 488 nm) and
WGA fluorescence (excitation 633 nm) were detected by a
laser scanning confocal microscope (ZEISS, LSM 880). The
IPEC-J2 cells stained with WGA were shown by red color
and the L. gasseri LA39 (adhered) stained with FITC dye
were shown by green color in the fluorescence images. The
numbers of adhered bacterial cells were calculated using the
ratios of L. gasseri LA39 numbers to IPEC-J2 cells numbers in
the fluorescence images. The final relative numbers of adhered
bacterial cells (fold change) were normalized to the numbers
of adhered bacterial cells (FITC-labeled L. gasseri LA39 were
added into IPEC-J2 cell medium for 2 h, and the initial
ratio of L. gasseri LA39 numbers to IPEC-J2 cells numbers
was 1:1).
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Co-culture Assay of IPEC-J2 Cells and
L. gasseri LA39
The L. gasseri LA39 used in the present study is a facultative
anaerobe and can also survive under aerobic conditions, thereby
such an in vitro model is appropriate to investigate the intestinal
epithelial responses to L. gasseri LA39. Considering that the
numbers of adhered bacterial cells were the largest when the
co-culture assay was conducted for 4 h and the initial ratio of
bacterial cells numbers to IPEC-J2 cells numbers was 100:1 in our
data, we chose this co-culture protocol (including the co-culture
time and initial ratios for interaction) to investigate the intestinal
epithelial cellular responses to L. gasseri LA39. The IPEC-J2 cells
and the viable L. gasseri LA39 count was performed by staining as
mentioned previously. Subsequently, viable L. gasseri LA39 were
added into the IPEC-J2 cell medium for 4 h, the initial ratio of
L. gasseri LA39 numbers to IPEC-J2 cells numbers was 100:1.
Similar dilutions of DMEM/F12 medium were used as vehicle
controls.

Protein Extraction, Trypsin Digestion,
and iTRAQ Labeling
Upon completion of the co-culture assay, the IPEC-J2 cells
were washed three times with sterile PBS buffer to remove
the L. gasseri LA39. The IPEC-J2 cells were frozen with liquid
nitrogen immediately and then lysed in the “lysis buffer (8 M
Urea, 40 mM Tris–HCl with 1 mM PMSF, 2 mM EDTA, and
10 mM DTT, pH 8.5)” (Li et al., 2018). “After centrifugation
at 25,000 g at 4◦C for 20 min, the supernatant obtained was
reduced with 10 mM DTT at 56◦C for 1 h, and then alkylated with
55 mM iodoacetamide (IAM) in the dark at room temperature
for 45 min” (Huang et al., 2018). Following further centrifugation
with 25,000 g at 4◦C, the supernatant was quantified by Bradford
method. The protein solution (100 µg) was digested using
Trypsin Gold. Following trypsin digestion, “the peptides were
desalted, vacuum-dried, and dissolved in 30 µl of 0.5 M TEAB
and labeled by the iTRAQ Reagent 8-plex Kit. The peptides
labeled with different reagents were combined, and then desalted
and vacuum-dried” (Li et al., 2018).

Peptide Fractionation, High Performance
Liquid Chromatography (HPLC), and
Mass Spectrometer Detection
The peptides fractionation, high performance liquid
chromatography (HPLC), and mass spectrometer detection
were performed using the previously described procedures
(Wang et al., 2018).

Bioinformatics Analyses
The raw MS/MS data was converted into the MGF format
using the Proteome Discoverer. The peptide spectrum from
raw data will be pre-processed to obtain the peptide spectrum
of high quality by filtering out these peptide spectrums (ionic
charge > 7). “Proteins were identified by the Mascot search
engine” (Weatherly et al., 2005) run against the Uniprot
database for Sus scrofa. “At least one unique peptide was
essential for the identified protein.” The parameters are shown

in the Table 1. “An automated software, named IQuant,
was conducted to analyze the labeled peptides with isobaric
tags quantitatively” (Wen et al., 2014). The main IQuant
quantitation parameters are shown in Table 2. False discovery
rate (FDR) was used to control the confidence of peptides
and proteins as previously described (Savitski et al., 2015;
Hu Z. et al., 2018).

Based on some previous iTRAQ analyses (Rhein et al.,
2009; Ren et al., 2013; Huang et al., 2015; Shi et al., 2015;
Hu et al., 2017), “a ratio of 1.2-fold ( > 1.20 or < 0.833)
with a q-value < 0.05 were chosen as the cutoff for
up-regulated or down-regulated expression, respectively.” To
better detect the differentially expressed proteins, “we further
defined those proteins significantly altered in at least two
replicates as differentially expressed proteins as previously
described” (Zhu et al., 2009; Long et al., 2016). “Functional
annotations of identified proteins were conducted by COG
and GO, respectively.” “We performed a hyper-geometric test
to obtain target GO terms in the GO enrichment analysis
using our previously described procedures” (Hu et al., 2017).
“KEGG enrichment analysis was also performed to identify the
KEGG pathways preferentially affected by treatment using our
previously described procedures” (Hu et al., 2017).

In vivo Assay for Piglets and Sample
Collection
Lactobacillus gasseri LA39 was cultured in MRS medium at 37◦C.
100 crossbred piglets (Landrace × Yorkshire) with similar birth
weight were randomly divided into two groups. Piglets in the
same group were randomly divided into 5 pens, and 10 piglets per
pen. The piglets in control (Ctrl) group were oral administrated
with a vehicle (sterile PBS, 2 ml) once a day from the age of
6–20 days. The piglets in L. gasseri LA39 (LG) group were oral

TABLE 1 | Mascot search parameters.

Item Value

Type of search MS/MS ion search

Enzyme Trypsin

Fragment mass tolerance 0.05 Da

Mass values Monoisotopic

Variable modification Oxidation (M), iTRAQ8plex (Y)

Peptide mass Tolerance 20 ppm

Fixed modification Carbamidomethyl (C), iTRAQ8plex (N-term),
iTRAQ8plex (K)

Database Uniprot database for Sus scrofa

TABLE 2 | IQuant quantitation parameters.

Item Value

Quant peptide Use All unique peptide

Quant number At least one unique spetra

Normalization VSN

Protein Ratio Weighted average

Statistical Analysis Permutation Tests
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administrated with a bacterial suspension (2 ml, 108 CFU/ml
L. gasseri LA39 in PBS) once a day from the age of 6–20 days.
All the piglets were early-weaned at 21 days of age. Each piglet
was randomly chosen from each pen at 26 days of age and these
piglets selected from Ctrl group (5 piglets) and LG group (5
piglets) were slaughtered. The intestinal tissues were collected
from the approximately middle positions in intestinal tracts,
including duodenum, jejunum, and ileum, respectively, to reduce
sample variability as previously described (Hu et al., 2017). Piglets
handling protocols were approved by the Institutional Animal
Care and Use Committee of Huazhong Agricultural University.
The methods were carried out in accordance with the approved
guidelines.

Western Blotting
The whole cell lysates (WCLs) of IPEC-J2 cells and the WCLs
of intestinal epithelial cells from weaned piglets used for western
blotting were prepared using RIPA lysis buffer (Sangon Biotech,
C500005). Western blotting was conducted by our previously
described methods (Hu et al., 2017). Below are the antibodies
used in the western blotting: horseradish peroxidase (HRP)-
conjugated secondary goat anti-rabbit antibodies (Santa Cruz
Biotechnology, sc-2004), UQCRC2 antibody (Abcam, ab203832),
TCIRG1 antibody (Proteintech, 12649-1-AP), and GAPDH
(ABclone Technology, AC001).

Measurement of Relative mRNA
Expression of Proteins
Total RNA was extracted from the IPEC-J2 cells and intestinal
epithelial cells of weaned piglets. Subsequently, cDNA was
generated by the PrimeScript TM RT reagent Kit (Takara,
RR047A). The relative mRNA expression of these proteins
(UQCRC2, TCIRG1, and GAPDH) was measured using qRT-
PCR. The specific primers used in qRT-PCR were shown in
Table 3. qRT-PCR was conducted using our previously described
procedures (Hu J. et al., 2018).

Measurement of Cellular ATP Levels
The total cellular ATP contents in IPEC-J2 cells and intestinal
epithelial cells (including duodenum, jejunum, and ileum) from
weaned piglets were measured by an ATP determination kit
(Thermo Scientific, A22066) according to the manufacturer’s
protocol. The protein concentration of the WCLs was measured
by the protein assay kit (Thermo Scientific, 23227). The ATP

TABLE 3 | Specific primers for UQCRC2, TCIRG1, and GAPDH genes.

Gene name Primers sequences

UQCRC2 Forward 5′-AGCCATCCACGGTCCTTCA-3′

Reverse 5′-GCTTGCTGCCATTGACTTCC-3′

TCIRG1 Forward 5′-ACGCTTTGTGGTGGATGTTC-3′

Reverse 5′-CAGGCGATCCGACTCTTCTT-3′

GAPDH Forward 5′-CCTTCATTGACCTCCACTACAT-3′

Reverse 5′-GGATCTCGCTCCTGGAAGA-3′

concentration (nmol/L) was normalized to the total protein
concentration (mg/L) of WCLs.

Statistical Analyses
Statistical analyses were conducted by GraphPad Prism (version
6.0c) software. Two-way analysis of variance (ANOVA) and
adjustments for multiple comparisons was conducted for
Figure 1B. The Student’s t-test was conducted to compare the
differences between the two groups in Figures 5C–F, 6. The
data are shown as mean ± SEM (ns, not significant, ∗p < 0.05,
∗∗p < 0.01).

RESULTS

Identification of the Differentially
Expressed Proteins in IPEC-J2 Cells by
Co-culturing With L. gasseri LA39
To investigate the effects of L. gasseri LA39 on the porcine
intestinal epithelial cells, we used a co-culture method by
which live L. gasseri LA39 were added into the IPEC-J2 cells
medium. The results of the adherence assay indicated that
the numbers of adhered bacterial cells were the largest when
the co-culture was conducted for 4 h and the initial ratio
of bacterial cell numbers to IPEC-J2 cell numbers was 100:1
(Figures 1A,B). Thus, we used the iTRAQ strategy, where live
L. gasseri LA39 were added into the IPEC-J2 cell medium
for 4 h at 100:1 ratio to compare the intestinal epithelial
cell protein profiles between the L. gasseri LA39 (LG) group
and the control (Ctrl) group in the co-culture assay. The
workflow for the iTRAQ is shown in Figure 1C. In total,
three biological replicates of IPEC-J2 cells from LG and Ctrl
groups were used in this study. The tryptic peptides were
labeled with isobaric iTRAQ tags (LG: 115; Ctrl: 113), and these
labeled peptides were detected using liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-
MS/MS) method.

Our data from iTRAQ indicated that a total of 6148, 6132,
and 6161 proteins were quantified in the three biological
replicates, respectively (Figure 2A). Of these quantified proteins,
4841 proteins were commonly identified in all the three
biological replicates (Figure 2A). Based on those previous
iTRAQ studies (Rhein et al., 2009; Ren et al., 2013; Huang
et al., 2015; Shi et al., 2015; Hu et al., 2017), an iTRAQ
ratio of 1.2-fold ( > 1.20 or < 0.833) with a q-value < 0.05
was chosen as the cutoff for up-regulated or down-regulated
expression, respectively. To better detect the differentially
expressed proteins, we further defined these proteins significantly
altered in at least two replicates as the differentially expressed
proteins as previously described (Zhu et al., 2009; Long et al.,
2016). As shown in the scatter plot and heat map, the
expressions of 15 proteins significantly increased, whereas the
expressions of 13 proteins significantly decreased in IPEC-J2
cells after L. gasseri LA39 treatment (Figures 2B,C). The detailed
information for differentially expressed proteins is listed in
Table 4.
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FIGURE 1 | Experimental design and schematic workflow for iTRAQ assay. (A) In vitro assay of bacterial adhesion to IPEC-J2 cells was shown by fluorescence
staining. FITC-labeled L. gasseri LA39 (green) were added into IPEC-J2 cell medium for 2 or 4 h and the initial ratios of L. gasseri LA39 numbers to IPEC-J2 cell
numbers were 1:1, 10:1, or 100:1. The plasma membranes of IPEC-J2 cells were labeled by wheat germ agglutinin (WGA) dye (red). (B) The relative numbers of
adhered bacterial cells to IPEC-J2 cells. Data are represented as mean ± SEM (n = 3). Different letters above the bars denotes a significant difference among the
groups. (C) Schematic workflow for the iTRAQ assay as described in Materials and Methods.
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FIGURE 2 | Identification of differentially expressed proteins in IPEC-J2 cells upon L. gasseri LA39 treatment using iTRAQ strategy. (A) Venn diagrams for the
quantified proteins in the three biological replicates. (B) Scatter plot analysis based on the differentially expressed proteins. The red spots and green spots indicate
the significantly up-regulated proteins and significantly down-regulated proteins, respectively. (C) Heat map for the differentially expressed proteins. The values of the
colors in the heat map indicate the mean iTRAQ ratio (fold change; LG/Ctrl) in protein expression.

COG Annotation and Cellular
Compartment Analyses of the
Differentially Expressed Proteins
To further uncover the effects of L. gasseri LA39 on the protein
profiles of the IPEC-J2 cells, we used the COG annotation
and GO annotation to analyze the differentially expressed
proteins. The results showed that these COG functions,
including energy production and conversion; post-translational
modification, protein turnover, chaperones; translation,
ribosomal structure and biogenesis were mainly annotated
in the differentially expressed proteins (Figure 3A). Cellular
compartment analysis from GO annotation indicated that
the differentially expressed proteins were mainly located in
the membrane, cytoplasm, plasma membrane, extracellular
region, nucleolus, mitochondrion, intermediate filament
cytoskeleton, endoplasmic reticulum, Golgi apparatus, and

caveolae (Figure 3B). The subcellular localization in plasma
membrane and extracellular region suggested a positive intestinal
epithelial response to the extracellular L. gasseri LA39. The COG
function “energy production and conversion” and the cellular
compartment “mitochondrion” annotated in the differentially
expressed proteins, suggested that L. gasseri LA39 treatment may
have a regulatory role in the mitochondrial energy metabolism of
porcine intestinal epithelial cells.

Biological Process and Molecular
Function Analyses of Differentially
Expressed Proteins
The GO terms for biological processes, including defense
response, negative regulation of G-protein coupled receptor
protein signaling pathway, regulation of response to external
stimulus, regulation of G-protein coupled receptor protein
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TABLE 4 | Differentially expressed proteins quantified by iTRAQ strategy in IPEC-J2 cells.

Accession Gene name Protein name Ratio (Rep 1) Ratio (Rep 2) Ratio (Rep 3) Ratio (mean)

Up-regulated proteins (LG/ Ctrl)

K9J6L7 TCIRG1 V-type proton ATPase subunit a 1.268∗ 1.274∗ 1.225∗ 1.26

P04185 PLAU Urokinase-type plasminogen activator 1.553∗ 1.519∗ 1.54

P32394 HMOX1 Heme oxygenase 1 1.380∗ 1.418∗ 1.457∗ 1.42

F1SUQ9 PAD I6 Peptidyl arginine deiminase 6 2.889∗ 3.262∗ 3.08

F1RPD4 UQCRC2 Cytochrome b-c1 complex subunit 2 1.141 1.250∗ 1.242∗ 1.21

P01965 HBA Hemoglobin subunit alpha 1.315∗ 1.320∗ 1.554∗ 1.4

F1RGC4 IFITM1 Interferon-induced transmembrane protein 1 1.720∗ 1.450∗ 1.286 1.49

Q19AZ8 F2 Prothrombin 1.111∗ 1.417∗ 1.235∗ 1.25

F1SID9 CELF1 CUGBP Elav-like family member 1 1.202∗ 1.303∗ 1.100∗ 1.2

I3L9F8 VTN Vitronectin 1.159∗ 1.405∗ 1.323∗ 1.3

F1SGU6 H1FNT H1 histone family member N, testis specific 1.232 1.558∗ 1.556∗ 1.45

A0A0B8RW18 BRD9 Bromodomain containing 9 1.058 1.404∗ 1.330∗ 1.26

P26894 CXCL8 Interleukin-8 1.777∗ 1.680∗ 1.950∗ 1.8

F1SJ73 IMP3 U3 small nucleolar ribonucleoprotein 1.267∗ 1.058 1.203∗ 1.18

F1RHL9 ACTN2 Alpha-actinin-2 1.235∗ 1.333∗ 1.018 1.2

Down-regulated proteins (LG/ Ctrl)

F1SGG3 KRT1 Keratin 1 0.588∗ 0.426∗ 0.818∗ 0.61

F1S5E2 FBXL5 F-box and leucine rich repeat protein 5 0.519∗ 0.665∗ 0.59

F1SM94 BC02 Beta-carotene oxygenase 2 0.677∗ 0.603∗ 0.64

I3LR87 C22orf31 Chromosome 22 open reading frame 31 0.573∗ 0.668∗ 0.507∗ 0.58

F1RSL6 TEX2 Testis expressed 2 0.683∗ 0.707∗ 0.800 0.73

F1RX70 WRN Werner syndrome RecQ like helicase 0.795∗ 0.757∗ 0.656 0.74

I3LNH2 RIPOR3 RIPOR family member 3 0.583∗ 0.635∗ 0.61

F1SP77 IZUM03 IZUMO family member 3 0.825 0.727∗ 0.802∗ 0.78

F2Z568 RPL38 Ribosomal protein L38 0.824∗ 0.763∗ 0.749∗ 0.78

I3LF89 CPN2 Carboxypeptidase N subunit 2 0.442∗ 0.528∗ 0.645∗ 0.54

F1SFH5 P3H2 Prolyl 3-hydroxylase 2 0.505∗ 0.440∗ 0.47

F1RXB9 C8orf59 Chromosome 8 open reading frame 59 0.706∗ 0.728∗ 0.725 0.72

F1S0H9 SNX14 Sorting nexin 14 0.463∗ 0.576 0.419∗ 0.49

∗q-value < 0.05.

signaling pathway, and iron ion homeostasis were significantly
enriched, further suggesting a positive intestinal epithelial
response to extracellular L. gasseri LA39 stimulus (Figure 4A).
Several GO terms for molecular functions, including
endopeptidase activity, peptidase activity, iron ion binding,
heme binding, oxidoreductase activity acting on paired donors
with the incorporation or reduction of molecular oxygen, metal
ion binding, and cation binding were significantly enriched,
suggesting a potential role of L. gasseri LA39 in the mitochondrial
respiratory chain of IPEC-J2 cells (Figure 4B).

Oxidative Phosphorylation (OXPHOS)
Pathway in IPEC-J2 Cells Is Activated by
the L. gasseri LA39
The KEGG pathway enrichment analysis of differentially
expressed proteins was used to uncover the biological events
in IPEC-J2 cells preferentially affected by L. gasseri LA39
treatment. The results indicated that several KEGG pathways,
including complement and coagulation cascades, NF-kappa B
signaling pathway, and OXPHOS were enriched (Figure 5A).
Importantly, the expression levels of the differentially

expressed proteins prothrombin, urokinase-type plasminogen
activator, and vitronectin, involved in the complement and
coagulation cascades pathway, significantly increased with
L. gasseri LA39 treatment, suggesting the activation of the
intestinal immune defense system. The expression levels
of two differentially expressed proteins interleukin-8 and
urokinase-type plasminogen activator, involved in the NF-
kappa B signaling pathway, also significantly increased with
L. gasseri LA39 treatment, indicating that the NF-kappa
B signaling pathway in the intestinal epithelial cells was
activated by L. gasseri LA39. Strikingly, the expression levels of
two differentially expressed proteins UQCRC2 and TCIRG1,
involved with the OXPHOS pathway, were significantly increased
by L. gasseri LA39 treatment (Figure 5B). Combining the COG
annotation and GO annotation analyses, the KEGG pathways
analyses further suggested that the intestinal epithelial cellular
mitochondrion functions, especially the OXPHOS pathway,
might be preferentially affected by L. gasseri LA39 treatment.
We further conducted the western blotting assay to validate the
expression levels of the two differentially expressed proteins
UQCRC2 and TCIRG1. The results demonstrated that the
expression levels of UQCRC2 and TCIRG1 were significantly
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FIGURE 3 | COG function annotation and cellular compartment analyses for the differentially expressed proteins. (A) COG function annotation for the differentially
expressed proteins. The relative proportions of the COG terms are shown on the right of the corresponding columns. (B) Cellular compartment analysis for the
differentially expressed proteins. The relative proportions of the GO terms for cellular compartment are shown on the right of the corresponding columns.

up-regulated upon L. gasseri LA39 treatment, which was
consistent with the results of the iTRAQ analysis (Figure 5C).
Our data also showed that the relative mRNA expression levels
of UQCRC2 and TCIRG1 were both significantly up-regulated
with L. gasseri LA39 treatment (Figures 5D,E). Given that
ATP, the major cellular energy source, is mainly produced by
the OXPHOS, we then measured the levels of cellular ATP.
The results demonstrated that the levels of ATP in IPEC-J2
cells were significantly increased by L. gasseri LA39 treatment
(Figure 5F). These findings indicated that L. gasseri LA39
activates the OXPHOS pathway, resulting in an increase in the
energy production in IPEC-J2 cells.

Oral Administration of L. gasseri LA39
Activates the OXPHOS Pathway in
Intestinal Epithelial Cells of
Early-Weaned Piglets
Based on the regulatory role of L. gasseri LA39 on the cultured
IPEC-J2 cells, we next investigated the role of L. gasseri LA39
in the intestinal epithelial cells of weaned piglets in vivo. Our
data indicated that oral gavage of L. gasseri LA39 significantly
increased the expression levels and relative mRNA expression
levels of UQCRC2 and TCIRG1 in the intestinal epithelial cells
[including duodenum (Figures 6A–C), jejunum (Figures 6D–F),
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FIGURE 4 | Biological processes and molecular function enrichment analyses for the differentially expressed proteins. (A) The top twenty significantly enriched GO
terms for biological processes. The values in the column represent the normalized p-values (−log10). The most enriched biological process is displayed at the top of
the column. (B) The significantly enriched GO terms for molecular function.
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FIGURE 5 | The OXPHOS pathway in porcine intestinal epithelial cells is activated by L. gasseri LA39. (A) KEGG pathway enrichment analysis for differentially
expressed proteins. Values in the column indicate the normalized p-values (−log10). The most enriched KEGG pathway is displayed at the top of the column.

(Continued)
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FIGURE 5 | Continued
(B) Differential expression profiles of proteins involved in OXPHOS metabolic pathway. All differentially expressed proteins are shown below the corresponding
complex in OXPHOS pathway map. Protein marked with a red box showed a significantly increased expression comparing the L. gasseri LA39 group with the Ctrl
group. (C) Western blotting analysis of the expression levels of TCIRG1, UQCRC2, and GAPDH in IPEC-J2 cells. Normalization and quantitation of TCIRG1/GAPDH
and UQCRC2/GAPDH are shown in the corresponding bar chart. (D,E) The relative mRNA expression of TCIRG1, UQCRC2, and GAPDH in IPEC-J2 cells.
Normalization and quantitation of TCIRG1/GAPDH (D) and UQCRC2/GAPDH (E) were shown in corresponding bar chart. (F) ATP levels of IPEC-J2 cells. The ATP
concentration (nmol/L) was normalized to the total protein concentration (mg/L) of WCLs. Data are shown as mean ± SEM; n = 3 (C); n = 5 (E); n = 6 (F). ∗∗p < 0.01,
∗p < 0.05.

FIGURE 6 | Oral administration of L. gasseri LA39 activates OXPHOS pathway and increases ATP levels in the intestinal epithelial cells of early-weaned piglets.
(A–C) Western blotting analysis for the expression levels of TCIRG1, UQCRC2, and GAPDH in the duodenal epithelial cells (A). Normalization and quantitation of
TCIRG1/GAPDH and UQCRC2/GAPDH are shown in the corresponding bar chart (B). (C) The relative mRNA expression levels of TCIRG1, UQCRC2, and GAPDH
in duodenal epithelial cells. Normalization and quantitation of TCIRG1/GAPDH and UQCRC2/GAPDH were shown in corresponding bar chart. (D–F) Western
blotting analysis for the expression levels of TCIRG1, UQCRC2, and GAPDH in the jejunal epithelial cells (D). Normalization and quantitation of TCIRG1/GAPDH and
UQCRC2/GAPDH are shown in the corresponding bar chart (E). (F) The relative mRNA expression levels of TCIRG1, UQCRC2, and GAPDH in jejunal epithelial cells.
Normalization and quantitation of TCIRG1/GAPDH and UQCRC2/GAPDH were shown in corresponding bar chart. (G–I) Western blotting analysis for the expression
levels of TCIRG1, UQCRC2, and GAPDH in the ileal epithelial cells (G). Normalization and quantitation of TCIRG1/GAPDH and UQCRC2/GAPDH are shown in the
corresponding bar chart (H). (I) The relative mRNA expression levels of TCIRG1, UQCRC2, and GAPDH in ileal epithelial cells. Normalization and quantitation of
TCIRG1/GAPDH and UQCRC2/GAPDH were shown in corresponding bar chart. (J–L) ATP levels of intestinal epithelial cells, including duodenum (J), jejunum (K),
and ileum (L). The ATP concentration (nmol/L) was normalized to the total protein concentration (mg/L) of WCLs. Data are shown as mean ± SEM; n = 3 (B,E,H);
n = 5 (C,F,I,J–L). ∗∗p < 0.01, ∗p < 0.05, and ns, not significant.

and ileum (Figures 6G–I), respectively]. The ATP levels in the
intestinal epithelial cells were also significantly increased by
oral gavage of L. gasseri LA39 (Figures 6J–L). These findings
further indicate that L. gasseri LA39 can activate the OXPHOS

pathway, resulting in an increase in the energy production in
intestinal epithelial cells of weaned piglets. These findings suggest
that L. gasseri LA39 may be used in intestinal epithelial energy
production improvement in piglets upon early weaning stress.
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DISCUSSION

In this study, we reported an important role of L. gasseri LA39
in OXPHOS pathway activation in the intestinal epithelial cells
of piglets. Our findings suggest that L. gasseri LA39 may be
used in increasing the intestinal energy production in mammals.
Increasing evidence has linked the intestinal microbiota to
intestinal epithelial protein expression regulation (Olivares et al.,
2012; Siciliano and Mazzeo, 2012; van de Guchte et al., 2012; Luo
et al., 2013; Ayllón et al., 2017). This study presents evidence
that the intestinal epithelial OXPHOS pathway is significantly
activated by L. gasseri LA39 and facilitates our understanding
about the regulatory role of the intestinal microbes in the
intestinal epithelium.

The present study used a canonical in vitro model of intestinal
microbial interaction with host epithelium to evaluate the
regulatory role of L. gasseri LA39 on the protein expression
profiles in the porcine intestinal epithelial cell. Such an in vitro
model of the intestinal epithelium-microbe interaction has been
regarded as an efficient approach that has several advantages,
including direct-contact co-cultures, simplicity, and convenience
(Parlesak et al., 2004; van Nuenen et al., 2005). However,
the intestinal epithelium-microbial co-culture approach may
be limited in some experiments involving strict anaerobic
microbes, which are unable to survive under aerobic conditions
(Kim et al., 2012, 2016). The L. gasseri LA39 used in the
present study is a facultative anaerobe and can also survive
under aerobic conditions; thereby such an in vitro model can
be appropriately used to investigate the intestinal epithelial
responses to L. gasseri LA39. Our data revealed a significant
alteration in the protein expression profiles of the intestinal
epithelium by L. gasseri LA39 treatment, further suggesting the
efficiency of this in vitro model in determining the intestinal
epithelium-microbe interaction.

This study used the iTRAQ strategy to investigate the
intestinal epithelial responses to L. gasseri LA39. Many studies
have used proteomics to evaluate the intestinal epithelium-
microbe interaction (Olivares et al., 2012; Siciliano and Mazzeo,
2012; van de Guchte et al., 2012; Luo et al., 2013; Ayllón
et al., 2017). However, due to the limited identification capacity
of traditional 2-DE-based proteomics strategies (Sun et al.,
2012), investigating the integral effect of intestinal microbes on
intestinal epithelium using a more advanced method will be
of great significance. Recently, iTRAQ has been widely used to
investigate the alteration of protein expression profiles due to its
several advantages, including high sensitivity, high-throughput,
and accuracy (Treumann and Thiede, 2010). Our previous study
has revealed that leucine supplementation in diet induces an
energy metabolism switch from OXPHOS toward glycolysis in
intestinal epithelial cells of the weaned piglets, using iTRAQ
strategy (Hu et al., 2017). However, the iTRAQ strategy has not
been used to investigate the effects of microbes on the intestinal
epithelium. Thus, the present study provides a new idea about
the method for the intestinal epithelium-microbes interaction
research in the future.

Our data revealed that L. gasseri LA39 can activate the
OXPHOS pathway and increase the energy production in the

intestinal epithelium of piglets both in vitro and in vivo. ATP,
the major cellular energy source, is generated by both OXPHOS
pathway and glycolysis pathway (Vander Heiden et al., 2009).
Importantly, the OXPHOS pathway shows the maximum efficacy
for producing the cellular ATP. According to the OXPHOS
pathways, UQCRC2 protein belongs to the complex V in
respiratory chain. It’s known to us that complex V has the
function in producing the gradient of protons (or hydrogen ions)
between two sides of the inner mitochondrial membrane, which
is the essential basis for ATP production (Saada, 2014). According
to the OXPHOS pathways, the TCIRG1 protein belongs to the
complex V in respiratory chain. It’s known to us that complex
V has the function in producing ATP (Saada, 2014). Thus, it’s
reasonable that the L. gasseri LA39-mediated up-regulations in
TCIRG1 and UQCRC2 proteins expression justify the increase
in ATP levels. To our knowledge, there is no report about the
regulation of the intestinal epithelial OXPHOS pathway by the
intestinal microbes, though our previous study has revealed that
dietary leucine supplementation induces an energy metabolism
switch from OXPHOS toward glycolysis in the intestinal
epithelial cells of the weaned piglets (Hu et al., 2017). Thus, for
the first time, our data indicated that L. gasseri LA39 activates
the OXPHOS pathway and increase the energy production in the
intestinal epithelium of piglets, further suggesting an important
role of the intestinal epithelium-microbe interaction on host
health. Early weaning strategy, which facilitates the shortening of
the cycle of slaughter in piglets and improves the reproductive
performance in sows, has been widely used in pig production
(Campbell et al., 2013). However, early weaning strategy induced
a transformation in the diet from liquid milk toward solid feed,
which causes a reduction in feed intake and intestinal indigestion
in early-weaned piglets (Lalles et al., 2007). These adverse factors
will cause an insufficient energy supply, thereby decreasing the
growth and increasing the intestinal damages in early-weaned
piglets. Thus, L. gasseri LA39 may be a probiotic candidate
functioning in intestinal energy production promotion in early-
weaned piglets. These results also suggest that L. gasseri LA39
may contribute to the intestinal energy production in human
beings (especially infants) because of the similarities in the
anatomy and nutritional physiology between pigs (Sus scrofa) and
human beings (Vodicka et al., 2005; Maxmen, 2012; Meurens
et al., 2012; Nielsen et al., 2014). The results also indicated
that several KEGG pathways, including complement and
coagulation cascades and NF-kappa B signaling pathway were
enriched. Importantly, the expression levels of the differentially
expressed proteins prothrombin, urokinase-type plasminogen
activator, and vitronectin, involved in the complement and
coagulation cascades pathway, significantly increased with
L. gasseri LA39 treatment, suggesting the activation of the
intestinal immune defense system. The expression levels of two
differentially expressed proteins interleukin-8 and urokinase-
type plasminogen activator, involved in the NF-kappa B signaling
pathway, also significantly increased with L. gasseri LA39
treatment, indicating that the NF-kappa B signaling pathway in
the intestinal epithelial cells was activated by L. gasseri LA39.
These findings further suggest that the regulatory role of L. gasseri
LA39 in intestinal epithelial cells is of complexity and many
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biological events need to be further explored, though we mainly
focused on the OXPHOS pathway.

CONCLUSION

In conclusion, our data revealed that L. gasseri LA39 activates
the OXPHOS pathway and significantly increases the ATP
levels in the porcine intestinal epithelial cells in vitro and
in vivo. These findings suggest an important role of L. gasseri
LA39 in increasing intestinal the energy production and
the interactions of gut microbes with host physiology in
mammals.
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