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Toll-like receptor 4 (TLR4) is a critical pattern recognition receptor that plays a critical
role in the host innate immune system’s recognition of Gram-negative bacteria. Since
it is the lipopolysaccharide (LPS) receptor, it links the activated inflammatory response
with autophagy and oxidative stress. Autophagy, or type II programmed cell death, was
reported to have defensive functions in response to the production of inflammatory
cytokines and oxidative stress. To explore the relationship between autophagy,
inflammation, and oxidative stress, a TLR4-enriched transgenic (Tg) animal model
(sheep) was generated. Autophagy activity in the Tg blood monocytes was significantly
higher than in the wild-type animal under LPS stress, and it returned to normal
after transfection of TLR4 siRNA. Pretreatment with 3-methyladenine (3-MA) inhibited
autophagy and enhanced oxidative stress and the production of TNF-α. The LPS-
induced reactive oxygen species (ROS) level was markedly increased in the Tg group
at an early stage before quickly returning to normal values. In addition, suppressing
ROS production by N-acetyl-L-cysteine down-regulated the number of intracellular
autophagosomes and the expression of Beclin-1, ATG5, and cytokines IL-1β, IL-6,
and TNF-α. Further mechanistic investigation suggested that the TLR4-associated p38
mitogen-activated protein kinase (MAPK) signaling pathway was involved in autophagy
and oxidative stress. P38 MAPK promotes intracellular autophagy, ROS production, and
inflammatory response. Moreover, TLR4 over-expression suppressed oxidative stress
and the production of inflammatory cytokines and increased autophagy activity in vivo.
Taken together, our results showed that LPS induced autophagy, which was related to
TLR4-mediated ROS production through the p38 MAPK signaling pathway. In addition,
our study also provided a novel transgenic animal model to analyze the effects of TLR4
on autophagy, oxidative stress, and inflammatory responses.
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INTRODUCTION

Pattern recognition receptors (PRRs) play important roles in
the recognition of microbial molecules by the animal’s innate
immunity (Janeway and Medzhitov, 2002). These molecules,
termed pathogen-associated molecular patterns (PAMPs), can
activate multiple inflammatory signaling pathways to clear the
infection (Takeuchi and Akira, 2010). Toll-like receptors (TLRs)
are PRRs found mainly on membranes (Chen et al., 2009). An
essential element of this family is Toll-like receptor 4 (TLR4),
which mainly recognizes lipopolysaccharide (LPS), one of the
inflammatory PAMPs that exist in the cell walls of most Gram-
negative bacteria. After the host has been infected with these
bacteria, multiple oxidation intermediates and inflammatory
cytokines can be activated through TLR4 (Ryan et al., 2004).
TLR4 interacts with other proteins to form a TLR4/MD2/CD14
complex that can bind to LPS (Hoareau et al., 2010). Then,
TLR4 recruits adaptors to trigger myeloid differentiation primary
response gene 88 (MyD88)-dependent and MyD88-independent
signaling (Tse et al., 2014), ultimately leading to the production
of reactive oxygen species (ROS) and inflammatory responses.

Generally, ROS is maintained at a certain level to induce an
oxidative reaction that helps to clear pathogenic bacteria, but an
excess of oxidative stress will cause damage to the host. It has
been shown that LPS-generated ROS and nicotinamide adenine
dinucleotide phosphate oxidase (NOX) are closely related to ROS
(Park et al., 2006; Yu et al., 2015). NOX1, NOX3, NOX4, NOX 5,
DUOX1, and DUOX2 are collectively known as the NOX family
proteins, which mainly exist in phagocytes and can produce
ROS through the transfer of electrons. TLR4 downstream
signaling, namely, the interleukin-1 receptor-associated kinase-
4 (IRAK-4), is involved in controlling NOX (Pacquelet et al.,
2007). However, some research suggested that the TLR4-NOX2/4
signaling pathway influences the activated state of autophagy and
inflammatory factors (Suzuki et al., 2012; Sciarretta et al., 2014).
Thus, ROS may be involved in the communication between
TLR4 and autophagy.

Essentially, autophagy is a lysosomal degradation process
that can eliminate damaged organelles and pathogenic bacteria
to maintain cell homeostasis and survival (Singh and Cuervo,
2011). It has been reported that the antioxidant reaction and
autophagy that were induced under oxidative stress helped
to concomitantly down-regulate ROS levels, inflammatory
responses, and oxidative damage to organelles (Kim et al.,
2017). It must be emphasized that this repair system enables
the cell to reach a new homeostasis. Although these studies
suggested a close relationship between ROS and autophagy,
the interconnectedness between TLR4, ROS, the inflammatory
response, and autophagy remains to be addressed in detail, which
was the goal of this study.

TLR4 participates in the innate immunity response by mainly
sensing LPS and then activating a variety of antimicrobial
immune responses. Our previous studies have shown that,
compared to the control cells, the peripheral blood monocytes
from Tg sheep overexpressing TLR4 evoked a stronger
inflammatory response under LPS stress at an early stage
and dropped quickly back to initial levels (Deng et al., 2012).

In addition, the increased NO secretion induced a stronger
intracellular oxidative stress that was due to the overexpression
of TLR4 (Deng et al., 2015). Furthermore, the overexpression
of TLR4 contributed to the phagocytosis of pathogenic bacteria
via the p38 mitogen-activated protein kinase (MAPK) and
phosphatidylinositide3-kinase (PI3K) signaling pathways (Wang
et al., 2018a,b). Here we continued this line of investigation
by first measuring the effects of TLR4 (overexpression and
inhibition) on the interactions between oxidative stress and
autophagy. Then, the inflammatory responses during TLR4-
mediated oxidative reaction and autophagy were assessed.
Finally, the antioxidant NAC and autophagy inhibitor 3-
methyladenine (3-MA) were used to analyze the deep molecular
mechanisms under the TLR4-mediated LPS stress. We present
the first investigation of the interconnectedness between TLR4,
ROS, inflammatory response, and autophagy in a Tg model
overexpressing TLR4.

MATERIALS AND METHODS

Animal Ethics Statement
All the animal experiments and treatments followed the
guidelines of the Animal Welfare Committee of the Northeast
Agricultural University, and all the experiments were
approved by the Animal Welfare Committee of the Northeast
Agricultural University.

Production and Detection of Tg Sheep
Tg sheep were produced by transferring the linearized vector
(digested with AseI) into the pronuclei of fertilized eggs
by microinjection (Figure 1A). Generally, the transformed
exogenous TLR4 genes were detected by Southern blot. The
genomic DNA was extracted from peripheral blood monocytes.
HindIII (NEB) was used to digest genomic DNA. The probe
was generated by PCR with the following primer pair: forward
(F), 5′-ACTGGTAAAGAACTTGGAGGAGG-3′ and reverse
(R), 5′-CCTTCACAGCATTCAACAGACC-3′, producing a
671-bp amplicon that was labeled by digoxigenin (Roche).
The total RNA of peripheral blood monocytes was extracted
with TRIzol reagent (Invitrogen), and the PrimeScript RT
Reagent Kit (TAKARA) was used to prepare the cDNA. The
expression of TLR4 mRNA was measured by quantitative
real-time PCR (qRT-PCR) via the ABI 7500 system with
SYBR Premix Ex Taq II kit (TAKARA) according to the
instructions. β-Actin was chosen to normalize the data of
each sample. The TLR4 and β-actin primer sequences were as
follows: TLR4, (F) 5′-ATCATCAGCGTGTCGGTTGTCA-3′
and (R) 5′-GCAGCCAGCAAGAAGCATCAG-3′; β-actin,
(F) 5′-AGATGTGGATCAGCAAGCAG-3′ and (R) 5′-
CCAATCTCATCTCGTTTTCTG-3′. The relative expression of
mRNA was calculated by the 2−11CT method.

Sheep Peripheral Blood Monocyte
Isolation and Culture
Sheep were divided into two groups: Tg sheep and wild-type
(WT) sheep (n = 3 in each group). Sheep peripheral blood
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FIGURE 1 | Southern blot and Western blot analysis of Tg sheep. (A) Construction of the CMV-Ovis TLR4 expression vector. (B) Southern blot analysis of partial Tg
sheep. The endogenous TLR4 locus has a 5,118 bp signature band, and the transgene produces a 2,771 bp band. M, marker (1 kb ladder); 1–8, eight sheep: the
wild sheep is 2 and the Tg sheep are 1, 3, 4, 5, 6, 7, and 8. (C) Quantitative real time PCR analysis of TLR4 expression level. (D,E) The protein level of TLR4. Wt,
wild-type sheep; Tg, transgenic sheep. All data are presented as the mean ± SEM from three experiments. ∗P < 0.05 vs. Wt group.

monocytes were isolated from the blood of sheep using the
separation medium (Tbdscience). The cells were incubated at
37◦C in a 5%-CO2 incubator for 2 h and then the non-adherent
cells were washed out. The adherent cells were cultivated in
RPMI1640 (Gibco) containing 10% fetal bovine serum (Gibco)
at 37◦C in a 5%-CO2 incubator.

Western Blotting
The cells were harvested and lysed using RIPA buffer (Beyotime)
with protease inhibitor cocktail and PMSF (Roche). Then, the
proteins were quantified using the BCA Protein Assay Kit
(Thermo Fisher Scientific). Equal amounts of proteins were
resolved on 12% SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (Millipore). After incubation with primary
antibodies against TLR4 (1:1,000; Affinity, AF7017), LC3B
(1:1,000; Abcam, ab51520), ATG5 (1:1,000; Sigma, A0856),
Beclin-1 (1:1,000; CST, 3495), actin (1:5,000; CST, 4970), GAPDH
(1:5,000; Proteintech, 10494-1-AP), and horseradish peroxidase-
conjugated secondary antibodies (1:1,000; Beyotime, A0208), the
membranes were visualized by enhanced chemiluminescence

(Thermo Fisher Scientific). The protein bands were analyzed by
ImageJ software (National Institutes of Health; version 1.45).

Transfection of Small Interfering RNA
To knock-down the expression of TLR4, sheep peripheral
blood monocytes were transfected with siRNA-specific
TLR4 from Genepharma (si-TLR4-86: sense, 5′-GCGU
ACAGGUUGUUCCUAATT-3′ and antisense, 5′-UUAGGAAC
AACCUGUACGCTT-3′). Transfection was accomplished
with lipofectamine RNAiMAX (Invitrogen) according to the
manufacturer’s instructions.

Transmission Electron Microscopy
The monocytes were treated with LPS (100 ng/ml) (Sigma,
L6529) for 12 h, and then the cells were collected to measure
the autophagy level by transmission electron microscopy. In
inhibitory experiments, the cells were pretreated with 10 mM
3-MA for 6 h, and LPS (100 ng/ml) was added for another
12 h. Briefly, the monocytes were collected and fixed in 2.5
glutaraldehyde for 24 h and then in 1% osmic acid for 1 h. The
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FIGURE 2 | Autophagosomes/autolysosomes increase in Tg sheep. (A) Transmission electron microscopy images: the white arrows indicate
autophagosomes/autolysosomes; ×20,000; scale bar: 1 µm. (B) Statistical analysis of the number of autophagosomes/autolysosomes per cell. Statistical analysis
of not fewer than 25 cells. Wt, wild-type sheep; Tg, transgenic sheep. All data are presented as the mean ± SEM from three experiments. ∗P < 0.05 vs. Wt group.

cells were dehydrated in a graded series of ethanol and embedded
in epoxyresin. Ultrathin sections were observed under an H-7650
microscope at 100 kV (Hitachi).

Laser Scanning Confocal Microscopy
The monocytes were treated with LPS (100 ng/ml) (Sigma,
L6529) for 12 h, and then the cells were collected to measure
the autophagy level by transmission electron microscopy. In
inhibitory experiments, the cells were pretreated with 10 mM
3-MA for 6 h, and LPS (100 ng/ml) was added for another
12 h. Then, the cells were fixed in 4% paraformaldehyde for
20 min. The fixed cells were permeabilized by 0.3% Triton X-
100 for 10 min. The cells were incubated with primary antibodies
against LC3B (1:1,000, Abcam, ab51520) at 4◦C for 12 h and
then incubated with Cy3-labeled secondary antibody (1:500;
Beyotime, A0516) and hoechst33342 (Solarbio). The level of
LC3B was visualized using a laser scanning confocal microscope
(Leica SP8) and a× 63 oil objective.

Detection of Intracellular ROS
LPS-induced intracellular ROS was measured by adding
dichlorodihydrofluorescein diacetate (DCFH-DA) at different
time points (0, 2, 8, and 24 h). Intracellular O2− and H2O2
production was monitored by testing the fluorescence caused
by oxidative DCF, and the green fluorescence signal indicates

the ROS level. After the cells were treated with LPS, 10 µM
of DCFH-DA was added to the cells for 30 min at 37◦C. The
intracellular ROS level was visualized using a fluorescence
microscope (Olympus, X71).

Measurement of Oxidative Stress
The monocytes were stimulated with LPS for 12 h, and
the culture supernatants were collected with a detection
kit (Njjcbio) according to the manufacturer’s instructions to
examine the contents of NO and malondialdehyde (MDA) by
spectrophotometry.

Determination of the Signals of
Autophagy and ROS in Monocytes
To analyze the interactions between TLR4, autophagy, and
ROS, several inhibitors were used, namely, Tak242 – a TLR4
inhibitor (Sigma, pretreated for 6 h), 3-MA – an autophagy
inhibitor (Sigma, pretreated for 6 h), NAC – an antioxidant
and a free radical scavenger (Sigma, pretreated for 2 h),
and SB203580 – a specific inhibitor of p38 MAPK (Sigma,
pretreated for 1 h). After treating the cells with these inhibitors,
the cells were harvested for detection of autophagy and
oxidative level, and the supernatants were collected to test the
inflammatory cytokines.
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FIGURE 3 | LC3B increases in Tg sheep. (A) Immunofluorescence images of LC3B under laser scanning confocal microscope. Red: Cy3-labeled LC3B protein;
blue, Hoechst33342-labeled nuclei; scale bar: 5 µm. (B–D) Analysis of LC3B and p62 level by Western blot. Wt, wild-type sheep; Tg, transgenic sheep. ∗P < 0.05
vs. Wt group.

ELISA Assay for Inflammatory Cytokines
The monocytes were treated with LPS (100 ng/ml) for 12 h,
and then the cell culture supernatants were collected to
measure the protein concentrations of IL-1β, IL-6, IL-12,
and TNF-α using ELISA kits (CUSABIO) according to the
manufacturer’s instructions.

Injection of Lipopolysaccharide In vivo
Six-month-old transgenic sheep and wild-type sheep (n = 3 in
each group) were subcutaneously injected with LPS (0.04 mg/ml
and 0.25 µg/kg). At 0, 2, and 12 h after the LPS challenge, the
serum was isolated for tests of proinflammatory cytokines and
oxidative stress. Peripheral blood mononuclear cells (PBMCs)
were collected for qRT-PCR. In qRT-PCR tests, GAPDH
was chosen to normalize the data of each sample. Beclin-1,
ATG5, WIPI1, and GAPDH primer sequences were as follows:
Beclin-1: (F) 5′-GTCACCATCCAGGAGCTCACA-3′ and (R)
5′-CACCATCCTGGCGAGTTTCA-3′; ATG5: (F) 5′-GCTTTAC
TCCACTGCCGTCA-3′ and (R) 5′-ACCAATGTTTCCAC
TCCCTC-3′; WIPI1: (F) 5′-TCAGGAACCAGCGAAGAGA-3′
and (R) 5′-ACGGCACGAAGTGATAGGA-3′; and GAPDH:
(F) 5′-GTGTCTGTTGTGGATCTGACCTG-3′ and (R) 5′-
AGAAGAGTGAGTGTCGCTGTTGAAGT-3′. The relative
expression of mRNA was calculated by the 2−11CT method.

Statistical Analysis
All data are shown as mean ± SEM, and individual experiments
were repeated not fewer than three times. Statistical analyses
were performed by the univariate analysis of variance (ANOVA)
followed by Student’s t-test. P < 0.05 was considered to be
statistically significant.

RESULTS

Screening of Tg Sheep Overexpressing
TLR4
The Ovis TLR4 CDS region was first cloned and linked to
an expression vector that has a pCMV promoter (Figure 1A).
Then, the linearized vector (digested with AseI) was transferred
into the pronuclei of fertilized eggs by microinjection. The
use of the restriction enzyme, HindIII, resulted in a 5,118
bp endogenous fragment present in all individual sheep
and a 2,771 bp exogenous fragment that only exists in
Tg sheep (Figure 1B). The relative TLR4 expression level
in monocytes derived from peripheral blood was detected
by qRT-PCR. The result indicated that the expression of
TLR4 was significantly increased compared to the Wt control
(∗P < 0.05) (Figure 1C). The Ovis TLR4 protein level
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FIGURE 4 | Inhibition of TLR4 by RNAi decreases autophagy activity. (A,B) Western blot analysis of the TLR4 protein levels after TLR4 siRNA transfection. (C,D)
Analysis of LC3B levels with RNAi treatment by Western blot. (E) Transmission electron microscopy images of autophagosomes/autolysosomes; ×20,000 scale bar:
1 µm. (F) Analysis of the number of autophagosomes/autolysosomes per cell. Statistical analysis of not fewer than 25 cells. (G) Confocal microscopy image of LC3B
levels in monocytes. Red: LC3B protein; blue, Hoechst33342-labeled nuclei; scale bar: 5 µm. NC-siRNA, negative control siRNA; si-TLR4, TLR4 siRNA. ∗P < 0.05
vs. si-TLR4 group, **P < 0.01 vs si-TLR4 group.

in Tg sheep was also higher than that in Wt control
(∗P < 0.05) (Figures 1D,E).

TLR4 Overexpression Increases
Autophagy Activity
To examine the autophagy activity in sheep peripheral
blood monocytes, the autophagosomes were detected under
transmission electron microscopy (TEM) (Figure 2). The
autolysosomes in the TLR4-overexpression group were increased
compared to those of the Wt group. After stimulating the cells
with LPS (100 ng/ml for 12 h), the number of autophagosomes
in the Tg group was significantly higher than that in the Wt
group (∗P < 0.05).

To further examine autophagy activity, the protein levels of the
autophagosomal marker LC3B were detected by laser scanning
confocal microscopy. LC3B protein was tagged by Cy3 (red), and
the nuclei were tagged by hoechst33342 (blue). After stimulating
the cells with LPS (100 ng/ml, for 12 h), the images showed a
distinctly increasing level of LC3B in the Tg group compared
to the Wt group (∗P < 0.05) (scale bar: 5 µm; Figure 3A). In
order to further determine whether the overexpression of TLR4

promotes the monocyte autophagy activity, p62 levels were also
detected. LC3-II levels were up-regulated with LPS treatment
and p62 levels were down-regulated. In addition, LPS-induced
down-regulation of p62 could be reversed by chloroquine (CQ)
treatment. After stimulating the cells with LPS, the results also
showed an increasing level of LC3-II in the Tg group compared
to the Wt group; meanwhile, the p62 levels in the Tg group
was lower than that in the Wt group (Figures 3B–D). These
results suggest that TLR4-overexpression increases the autophagy
activity in sheep peripheral blood monocytes.

Knock-Down of Ovis TLR4 Inhibits
Autophagy Activity
To further investigate the function of TLR4 during autophagy,
RNAi was used to inhibit the expression of TLR4 in monocytes
of sheep. Western blot results showed that the transfection of
monocytes with si-TLR4 notably reduced the TLR4 protein level
(∗∗P < 0.01) (Figures 4A,B). Furthermore, the down-regulation
of TLR4 by siRNA decreased the autophagosomes/autolysosomes
and LC3B-II protein compared to the negative control siRNA
(NC-siRNA) group (∗P < 0.05) (Figures 4C–F). In addition,
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FIGURE 5 | TLR4 effects on reactive oxygen species (ROS) production by TLR4 overexpression or RNAi. (A,B) Analysis of ROS by DCFH-DA in monocytes. ROS
was detected by dichlorodihydrofluorescein diacetate, and a fluorescence microscope was used to count the positive cells, ×200. (C) ROS fluorescent positive cells;
statistical analysis of not fewer than 100 cells. ∗P < 0.05 vs. Wt group. (D) TLR4 RNAi effects on ROS production. ∗P < 0.05 vs. NC-siRNA group.

FIGURE 6 | TLR4-associated signaling is involved in the formation of autophagosomes/autolysosomes. (A) Cells were pretreated with either DMSO (0.1%) or
TAK242 (30 µM) for 6 h or 3MA (10 mM) for 6 h, SB203580 (5 µM) for 1 h, or NAC (1 mM) for 2 h, and then the cells were treated with LPS (100 ng/ml) for another
6 h. Transmission electron microscopy was used to survey the autophagy, ×20,000; scale bar: 1 µm. (B) Statistical analysis of the number of autophagosomes per
cell. Statistical analysis of not fewer than 25 cells. ∗∗P < 0.01 vs. LPS group.
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FIGURE 7 | TLR4-induced autophagy in sheep is dependent on the MAPK pathway and the reactive oxygen species. (A) Cells were pretreated with either DMSO
(0.1%) or TAK242 (30 µM) for 6 h, 3-MA (10 mM) for 6 h, SB203580 (5 µM) for 1 h, or NAC (1 mM) for 2 h, and then the cells were treated with LPS (100 ng/ml) for
6 h. Confocal microscopy was used to analyze the LC3B level. Red: Cy3-labeled LC3B protein; blue, Hoechst33342-labeled nuclei; scale bar: 5 µm. (B) The protein
level of LC3B, Beclin-1, and Atg5. GAPDH protein was used as a control. (C–E) LC3B-II/GAPDH, Beclin-1/GAPDH, and ATG5/GAPDH ratio for each group.
∗P < 0.05 vs. LPS group; ∗∗P < 0.01 vs. LPS group.

immunofluorescence staining showed that the LC3B level was
significantly lower in the si-TLR4 group than in the NC-siRNA
group (∗P < 0.05) (Figure 4G). These results suggest that the
down-regulation of TLR4 leads to a decrease in LPS-induced
autophagy activity.

Ovis TLR4 Effects on ROS Production
As some studies have suggested that ROS production could
induce autophagy and the above results showed that TLR4
influenced autophagy activity, we proceeded to explore whether
TLR4 could affect ROS production. DCFH-DA staining showed
that the overexpression of TLR4 promoted intracellular ROS
production at an early stage (2–8 h), and then the ROS
level quickly returned to normal values under LPS stress
(Figures 5A–C). Furthermore, inhibition of TLR4 by si-TLR4
decreased the LPS-induced ROS (Figure 5D). These results
suggest that TLR4 regulated the LPS-induced ROS production in
sheep monocytes.

TLR4 Activates the P38 MAPK Signaling
Pathway and ROS Production to
Promote LPS-Induced Autophagy
Although in the data presented above there is a close relationship
between TLR4 and LPS-induced autophagy, we still did not know
what signaling pathway is involved. As LPS stimulation could

activate TLR4-dependent p38 MAPK signaling and ROS, we next
surveyed whether these players are involved in the autophagy
process. As shown in Figure 6, the TLR4-specific inhibitor
TAK242 (30 µM, pretreated for 6 h), the autophagy inhibitor 3-
MA (10 mM, pretreated for 6 h), the MAPK-specific inhibitor
SB203580 (5 µM, pretreated for 1 h), and the ROS inhibitor
NAC (1 mM, pretreated for 2 h) were used independently. The
results showed the inhibition of TLR4, autophagy, MAPK, and
ROS, and that all led to significantly decreased numbers of
autophagosomes under TEM (Figures 6A,B) compared to the
LPS group (∗∗P < 0.01). Similarly, confocal results indicated that
the LC3B protein level was also significantly reduced by TAK242,
3-MA, SB203580, and NAC treatment (∗P < 0.05) (Figure 7A).
Furthermore, beclin-1 and ATG5 are both autophagy-related
genes. Western blot analysis showed that the inhibited TLR4,
autophagy, MAPK signaling, and ROS decreased the protein
levels of Beclin-1 and ATG5 (∗P < 0.05) (Figures 7B–E). In
addition, inhibiting TLR4, autophagy, MAPK signaling, and ROS
decreased the LC3B-II/GAPDH ratio (∗P < 0.05). These results
suggest that p38 MAPK and ROS were both involved in the
TLR4-dependent autophagy process.

P38 MAPK Signaling and Autophagy Are
Involved in Intracellular Oxidative Stress
To further explore the relationship between TLR4, autophagy,
and oxidation, different inhibitors were used. Figure 8 shows
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FIGURE 8 | TLR4-induced p38 MAPK signaling and autophagy effect on intracellular oxidative stress. (A–C) Analysis of reactive oxygen species (ROS) in sheep.
ROS was detected by the DCFH-DA probe and a fluorescence microscope was used to count the positive cells, ×400. (D) Level of NO. (E) Level of
malondialdehyde. All data are presented as the mean ± SEM from three experiments. ∗P < 0.05 vs. LPS group; ∗∗P < 0.01 vs. LPS group.

that the inhibition of TLR4 decreased the LPS-induced ROS
production and that the levels of NO and MDA also dropped
(∗P < 0.05). After inhibiting autophagy by 3-MA, the ROS, NO,
and MDA levels were up-regulated (∗P < 0.05) compared to the
LPS group. In addition, after inhibiting P38 MAPK and ROS, the
levels of ROS, NO, and MDA were all lower than those of the LPS
group (∗P < 0.05). The above data suggest that TLR4-associated
p38 MAPK signaling and autophagy were involved in regulating
intracellular oxidative stress.

The TLR4-Associated Signaling Pathway,
Autophagy, and Oxidative Stress
Influence Proinflammatory Cytokine
Levels
The LPS-induced activation of TLR4 often leads to the
production of multiple cytokines to protect against infection.
Figure 9 shows the inhibition of TLR4 decreased the protein
levels of IL-1β, IL-6, and TNF-α (∗P < 0.05). Similarly, the
inhibition of the intracellular oxidative stress down-regulated
these proteins compared to the LPS group (∗P < 0.05). Blocking
the P38 MAPK resulted in a dramatic drop of IL-1β and TNF-α
(∗P < 0.05) but did not significantly reduce the IL-6 level, whereas
3-MA markedly up-regulated the level of TNF-α (∗P < 0.05).
In addition, although 3-MA increased IL-1β and IL-6, these

differences were not statistically significant. Furthermore, all of
these manipulations failed to alter the level of IL-12.

TLR4 Participates in Oxidative Stress
and Inflammatory Regulation by
Promoting Autophagy in vivo
To further explore the relationship between TLR4, autophagy,
inflammation, and oxidative stress, in vivo studies were also
performed. The results showed that the transgenic animals had
a higher NO level at the early stage (2 h), and then the NO
level quickly returned to normal values. The level of NO in
transgenic sheep was markedly lower than that in the Wt group at
12 h. The MDA level showed similar trends (Figures 10A,B). In
addition, the proinflammatory cytokines IL-1β, IL-6, and TNF-
α were significantly increased by LPS challenge in the Tg group
at 2 h. By 12 h, the IL-1β, IL-6, and TNF-α levels in the Tg group
had dropped dramatically and were significantly lower than those
in the Wt group (Figures 10C–E). Furthermore, qRT-PCR tests
suggested that the relative mRNA expression of beclin-1, ATG5,
and WIPI1 in PBMCs from the Tg group with LPS injection
was higher than that in the Wt group at 12 h (Figures 10G–I).
The autophagy machinery is initiated under stress conditions
to maintain cellular homeostasis, and autophagy is generally
thought to inhibit the excessive production of pro-inflammatory
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FIGURE 9 | TLR4-induced autophagy and reactive oxygen species effect on proinflammatory cytokine levels (ELISA) in sheep. (A) IL-1β levels. (B) IL-6 levels.
(C) IL-12 levels. (D) TNF-α levels. All data are presented as the mean ± SEM from three experiments. ∗P < 0.05 vs LPS group.

cytokines and oxidative stress. These findings suggested that the
high levels of TLR4 promoted the PBMC autophagy activity that
suppressed the production of proinflammatory cytokines and
oxidative stress.

DISCUSSION

PRRs mainly include TLRs, RIG-I-like receptors, and NOD-like
receptors (NLRs) that can recognize most PAMPs. TLRs interact
with the myeloid differentiation factor 88 (MyD88) to activate
nuclear factor-κB (NF-κB) and MAPKs, which subsequently
activate activator protein 1 and induce the production of
inflammatory cytokines (Kawai and Akira, 2010; DiDonato
et al., 2012; O’Neill et al., 2013). TLR4 interacts with protein
CD14 and myeloid differentiation factor 2 to form a complex
that is endocytosed into endosomes rapidly (Zanoni et al.,
2011). It has been reported that TLR4-mutant cells show lower
sensitivity and susceptibility to LPS compared to wild-type
cells (Faure et al., 2000; Jilling et al., 2006). In addition, the
macrophages of TLR4-deficient mice cannot produce IL-1, IL-
6, and IL-12 cytokines under LPS stress (Haynes et al., 2001;

Seki et al., 2001). Moreover, mice overexpressing TLR4 showed
improved disease resistance (Roy et al., 2006). Our previous
study suggested that, compared to controls, the peripheral
blood monocytes of Tg sheep overexpressing TLR4 secreted
more proinflammatory cytokines, internalized more pathogens,
and eliminated pathogens more quickly (Deng et al., 2012;
Wang et al., 2018a,b). We also found that the overexpression
of TLR4 promoted the activation of both NF-κB and MAPK
signaling at an early stage (0–4 h) (Wei et al., 2019). NF-κB
and MAPK signaling pathways not only induced the production
of pro-inflammatory cytokines but also trigger the release of
oxidation intermediates (Ono and Han, 2000; Vladimirov, 2004).
Thus, overexpression of TLR4 activated NF-κB and MAPK
signaling and was responsible for the increased oxidative stress
and production of pro-inflammatory cytokines. Our study
showed that inhibiting TLR4 down-regulated the production
of IL-1β, IL-6 and TNF-α. Furthermore, inhibition of the p38
MAPK signals downstream of TLR4 decreased the secretion of
IL-1β and TNF-α.

Autophagy, as an essential biological pathway with effects
on immunity, helps to eliminate intracellular pathogenic
microorganisms. Autophagy controls inflammation by
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FIGURE 10 | The proinflammatory cytokines, NO and MDA levels, and PBMCs autophagy activity in sheep with LPS treatment in vivo. (A) NO levels.
(B) Malondialdehyde levels. (C) TNF-α levels. (D) IL-1β levels. (E) IL-6 levels. (F) IL-12 levels. (G–I) qRT-PCR analysis of Beclin-1, ATG5, and WIPI1 expression. All
data are presented as the mean ± SEM from three experiments. ∗P < 0.05 vs. Wt group.

interacting with the regulation of the innate immune signals,
removing endogenous inflammasome agonists, and affecting
immune mediators. Generally, the inhibitors of nuclear factor
kappa-B kinase, TAB2/3, and TAK control autophagy together.
After PAMP induction, the dissociation of TAB2/3 from Beclin-1
leads to autophagy activation and autophagosome formation
(Deretic et al., 2013). The ubiquitination of Beclin-1 by TRAF6
is mediated by TLR4–MyD88 signaling, and then TRAF6
dissociates BCL-2 from Beclin-1. Moreover, it has been reported
that TLR4-induced TICAM1 was essential for the activation of
autophagy (Zhan et al., 2014). However, cytokine IL-1β may be
involved in TRAF 6-dependent Beclin-1 ubiquitination through
MyD88 in macrophages (Nakahira et al., 2011; Zhou et al., 2011).
A recent report showed that rapamycin (autophagy enhancer)
could potently suppress the production of IL-1β, IL-6, TNF-α,
and NO in BV2 cells. Furthermore, it has been reported that NF-
κB also communicated the connection between autophagy and
inflammasome activation. NF-κB promoted the elimination of
damaged organelles by the activation of the autophagy receptor
SQSTM1 and inhibited IL-1β secretion via NLRP3 signals
(Zhong et al., 2016). Recently, it was shown that p38 MAPK
participates in the production of inflammatory cytokines (Du
et al., 2018). These studies suggested that autophagy is closely

related to TLR4 and the inflammatory factors. In this study, TLR4
and its downstream signaling p38 MAPK affected the autophagy
in sheep monocytes. We found that the overexpression of
TLR4 increased the LPS-induced number of autophagosome
in monocytes and that the LC3B-II/GAPDH ratio was also
increased (Figures 2, 3). Our research further suggests that
the down-regulation of TLR4 activity by RNAi (Figure 4)
or the TAK242 inhibitor (Figures 6, 7) both decreased the
intracellular autophagosomes and the ratio of LC3B-II/GAPDH.
In addition, the results also showed that the protein levels of
Beclin-1 and ATG5 were down-regulated after TLR4 or p38
MAPK inhibition in Tg peripheral blood monocytes (Figures 6,
7). Previous experiments have mostly focused on the effects
of the TLR4-TRAF6 pathway on autophagy (Shi and Kehrl,
2010; Nazio et al., 2013; Zhan et al., 2014). In our Tg animal
model, we found that the TLR4–p38 MAPK pathway is also
involved in autophagy. The inhibition of TLR4 also decreases the
levels of IL-1β, IL-6, and TNF-α, while blocking the p38 MAPK
pathway using SB203580 decreases the secretion of IL-1β and
TNF-α (Figure 9).

Evidence showed that ROS production is related to TLR4
activation and autophagy (Shin et al., 2013). It has been reported
that NF-κB and p38 MAPK signaling involves interactions
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between autophagy and ROS (He et al., 2013; Zhu et al.,
2017). The MAPK pathway mediated by TLR4 under LPS stress
participates in cell survival with autophagy (Kim et al., 2013).
However, the production of intracellular ROS also plays an
essential role in the induction of MAPK, and evidence suggested
that ROS could induce MAPK signaling (Bui-Xuan et al., 2010).
Moreover, our previous research showed that the MAPK signal
is involved in TLR4-mediated bacterial internalization which
is mainly about phagocytosis (Wang et al., 2018a). In the
current study, the ROS level in sheep over-expressing TLR4
was markedly higher than that in the wild-type group, and
it returned to normal by knocking-down TLR4 (Figure 5).
Moreover, the suppression of autophagy with 3-MA promoted
ROS production and significantly increased the level of NO and
MDA (Figure 8). Additionally, the inactivation of p38 MAPK
decreased the LPS-induced ROS by p38 MAPK-specific inhibitor
SB203580. Similarly, the inactivation of p38 MAPK signals down-
regulated the expression of NO and MDA (Figure 8). Evidence
suggested that pathogenic Gram-negative bacteria would first
stimulate inflammatory secretion and generate ROS which are
mostly produced by NOX (Huang et al., 2009). ROS could
activate iNOS via NF-κB and lead to the release of NO which
helped to eliminate pathogenic bacteria by producing peroxidase
and superoxide (Heo et al., 2008). The excess oxide would
cause organelle damage, but ROS also activates autophagy,
which helps to clean the damaged organelles and maintain
intracellular homeostasis. Our data in Figure 5B showed that,
in the Tg animal, the ROS level increased rapidly at an early
stage (peak at 8 h) and then began to fall. Even though the
exact underlying mechanisms are unknown, these dynamics
may be caused by a high level of autophagy in the Tg group.
Taking these data together, under LPS stress, TLR4 induces
ROS production to mediate autophagy via the p38 MAPK
signaling pathway.

To further explore the relationship between TLR4, autophagy,
inflammation, and oxidative stress in vivo, the transgenic
sheep and Wt counterparts were treated with LPS. We found
that the serum proinflammatory cytokines levels and oxidative
stress in transgenic sheep increased rapidly at an early stage
and then began to fall. By 12 h after the LPS challenge,
the NO, MDA, and proinflammatory cytokine levels in the
transgenic sheep were markedly lower than those in the
Wt group. WIPI1, Beclin-1, and ATG5 were selected as the
indices of autophagy. Because of its reliability, WIPI1 can be
used as a marker of autophagy activity by qRT-PCR analysis
(Tsuyuki et al., 2014; Proikas-Cezanne et al., 2015; Tao et al.,
2018). In vivo experiments show that the autophagy activity
of PBMCs increased gradually with LPS treatment, and the
autophagy activity in the PBMCs of transgenic sheep was
significantly higher than that in the Wt sheep at 12 h after
the LPS challenge. These findings in vivo were similar to
those of the in vitro experiments. Cytokines and oxidative
stress orchestrate the initiation, development, and recovery
during the disease process, and autophagy plays a key role
under various stress conditions to maintain cellular homeostasis
(Netea-Maier et al., 2016). Several reports showed that TLR4
participated in the regulation of autophagy (Yu et al., 2017;

Li et al., 2019). Our previous study found that the overexpression
of TLR4 promoted the activation of both NF-κB and MAPK
signaling (Wei et al., 2019). In this study, we found that p38
MAPK signaling pathway and ROS production were involved
in TLR4-mediated autophagy. Evidence also showed that the
autophagy process suppressed all kinds of proinflammatory
cytokines and oxidative stress (Kim et al., 2017; Han et al.,
2018; Monkkonen and Debnath, 2018). AKT/mTOR signaling
is involved in the induction of autophagy to attenuate LPS-
induced proinflammatory cytokines. Furthermore, autophagy-
deficient ovarian cancer cells display increased ROS and a
decrease in autophagy due to the knock-down of BECN1,
leading to the up-regulation of ROS and NF-κB activation (Qin
et al., 2015; Zhao et al., 2016). So, we thought that the high
levels of TLR4 promoted the PBMC autophagy activity that
suppressed the production of proinflammatory cytokines and
oxidative stress.

In summary, in our current research based on a transgenic
sheep model over-expressing TLR4, we surveyed the relationship
between ROS, the inflammatory response, and autophagy. The
results suggest that transgenic animals have a stronger autophagy
activity than the wild-type counterparts in vitro and in vivo.
Furthermore, the autophagy in sheep was mediated by TLR-
induced ROS via p38 MAPK signaling. Herein we provided a
novel animal model to study the effects of TLR4 on autophagy,
inflammation, and oxidative stress. In addition, this study also
provides valuable insights into Gram-negative bacteriosis.
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