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Enhanced antibacterial properties of enteric 
glial cells attenuate intestinal inflammation 
through the GABABR‑mediated autophagy 
pathway
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Abstract 

Enterotoxigenic Escherichia coli (ETEC) infection is a severe threat to global public health because of its high 
morbidity and mortality among children and infants. Enteric glial cells (EGCs) are involved in host–bacteria com-
munication. However, the mechanisms through which EGCs interact with ETEC remain unclear. We attempted 
to assess whether γ-aminobutyric acid type B receptor (GABABR) activation participated in EGC autophagy dur-
ing Escherichia coli K88 (ETECK88) infection. Alterations in autophagy and EGC activity were observed in the intestines 
of the ETECK88-infected mice, and similar results were obtained from experiments in which the EGCs were directly 
infected with ETECK88. EGC pretreatment with specific autophagy agonists significantly decreased the inflammatory 
response and bacterial burden, whereas pretreatment with inhibitors had the opposite effect. Interestingly, in EGCs, 
GABABR activation notably increased Beclin 1 and LC3 levels and autophagosome and autolysosome numbers, thus 
promoting autophagy activation and enhancing antimicrobial responses against ETECK88 infection. Furthermore, 
GABABR defense was mediated via myeloid differentiation factor 88 (MyD88) signaling in EGCs, which was proven 
to be based on the inhibition or overexpression of MyD88. Notably, comparable results of GABABR activation in vivo 
were observed in response to ETECK88, implicating this as a defense mechanism that reinforced antibacterial activity 
to alleviate intestinal inflammation in mice. Our study revealed previously unappreciated roles for GABABR in link-
ing EGC antibacterial autophagy to strengthen host defense against ETECK88 infection, thus identifying GABABR 
as an important target for the treatment of infective enteritis.

Keywords  Escherichia coli K88, Enteric glial cells, GABABR, Autophagy, MyD88

Background
Enterotoxigenic Escherichia coli (ETEC) strains are 
gram-negative pathogens that mainly colonize the host 
gastrointestinal tract (GI), representing a major public 
health threat worldwide by causing diarrhea in humans 

and animals, thus resulting in enormous economic losses 
to society [1, 2]. ETEC virulence is intricately linked to 
the production of colonization factors and one or more 
enterotoxins [3]. An ever-growing body of research indi-
cates that intestinal cells employ diverse defensive tactics 
to ward off microbial invaders [4]. These defense mecha-
nisms include rapid epithelial cell turnover, preserva-
tion of the integrity of the epithelial barrier, elimination 
of infected cells, and autophagy [4]. In autophagy, cyto-
solic proteins are sequestered within double-membrane 
autophagosomes and are destined for degradation within 
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lysosomes [5, 6]. This process is crucial for cell survival, 
especially during nutritional deprivation and microbial 
attacks. While moderate autophagy promotes cell sur-
vival, excessive autophagy can result in autophagic cell 
death. Notably, ETEC infection stimulates autophagy, 
and impeding this process reduces the survival rate of 
intestinal cells infected with ETEC [7]. However, the pre-
cise mechanism by which ETEC induces autophagy in 
intestinal cells and the exact role of autophagy during the 
onset of ETEC infection remain topics of ongoing debate.

It is now believed that the GI tract is a major entrance 
between the external environment and the internal body, 
serving as the primary defense against microorgan-
isms and playing essential roles in preserving intestinal 
homeostasis by distinguishing between  detrimental and 
beneficial bacteria [8–10]. Thus, guaranteeing that the 
intestinal environment performs well–organized host–
bacteria communication and complicated interactions 
between the microbiota, immune system, enteric nerv-
ous system (ENS), and diverse cell types native to the 
lamina propria is extremely important [11–14]. Two vital 
cell types are present in the ENS: enteric neurons and 
enteric glial cells (EGCs), the latter of which are consid-
ered astrocyte-like neuroglia that express the glial fibril-
lary acidic protein (GFAP) and calcium-binding protein 
S100β [15–17]. Recent evidence indicates that EGCs are 
tightly connected with enteric neurons and their pro-
cesses, favoring several reflexes, such as gut motility and 
secretory function [18]. Moreover, EGCs also participate 
in the development and progression of various diseases, 
including inflammation, cancer, and infection, in which 
EGCs transform into pro- or anti-inflammatory pheno-
types [16, 19]. In these situations, both the disappearance 
and increase in glial function contribute to intestinal 
homeostasis and alterations in GI pathophysiology. Pre-
vious data have shown that EGC autophagy is provoked 
in response to proinflammatory stimuli and activates 
antigen presentation [20]. The EGC-derived mediator 
GSNO relieves intestinal epithelial barrier (IEB) damage 
and inflammation caused by Shigella flexneri [21]. Thus, 
an emerging view from initial evidence is that EGCs may 
prevent the host from invading pathogens, which is likely 
beneficial for intercourse between the host and bacteria. 
However, few advanced reports on whether EGCs inter-
act directly with pathogens exist.

Alterations in the levels of neurotransmitters from the 
ENS are involved in intestinal illness, and the secretion of 
neurotransmitters such as γ-aminobutyric acid (GABA) 
within the ENS could reveal innovative therapeutic tar-
gets for treating GI disorders [22–24]. In mammals, high 
concentrations of GABA are mainly observed in brain 
tissue, where it inhibits neurotransmission in the cen-
tral nervous system (CNS) through two critical types 

of receptors, GABAA receptor (GABAAR) and GABAB 
receptor (GABABR) [25]. GABAAR is an integral mem-
brane ion channel complex that includes five subunits 
in which a minimum of 19 possible subunits are acces-
sible for assembly, while GABABR is a G protein-coupled 
receptor composed of GABABR1 and GABABR2 subunits 
[26, 27]. Previous studies have suggested the potential 
of the administration of GABA or GABAergic (agonis-
tic) drugs as novel treatments for inflammatory diseases 
and pathogenic infections [28–30]. However, those data 
mainly focused on GABAAR rather than GABABR. Many 
of the effects of GABA involve GABABR in the brain, but 
there are few data regarding the regulatory function of 
GABABR in the intestine, especially during inflammation 
and bacterial challenge. Of special interest is the role of 
GABABR in the development, proliferation, and migra-
tion of colon cancer cells [26, 31]. Pretreatment with the 
GABABR agonist baclofen significantly inhibited malig-
nant tumors of the colon via cAMP-dependent signaling 
[32]. Our previous research revealed that both GABABR 
subunits are expressed in EGCs and are required for nor-
mal pathophysiology. Whether alterations in GABABR 
signaling during microbial infection play a role in the 
molecular basis of antibacterial activity is unknown.

The goals of this study were to investigate the ability of 
EGCs to interact directly with ETECK88 and to explore 
the underlying mechanisms of GABABR in the antimicro-
bial function of EGCs. Our findings could reveal effective 
antimicrobial effects of EGCs and provide novel targets 
and important biological foundations for the treatment 
of gastrointestinal infections in humans and animals.

Results
ETECK88 reshapes autophagy and EGC activity 
in the mouse intestine
ETECK88 was used to induce experimental intestinal 
inflammation in C57BL/6 mice (Supplementary Fig. 1A), 
and the results showed that challenge with ETECK88 
markedly impaired the jejunum and ileum tissues, as 
evidenced by body weight loss, severe damage to the epi-
thelial layer, and increased expression of the proinflam-
matory factors IL-1β, IL-6, and TNF-α (Supplementary 
Fig.  1B–F). To visualize bacterial colonization, a strain 
of ETECK88 with the mCherry gene that expressed red 
fluorescence was generated, and at 48 h postinfection, 
ETECK88-mCherry significantly colonized the jejunum 
and ileum contents of the mice (Supplementary Fig. 1G, 
H). Furthermore, a small portion of the ETECK88-
mCherry group traveled from the site of implantation 
to the jejunum and ileum mucous layer, suggesting that 
ETECK88-mCherry was accessible to cells located in the 
intestinal mucosa (Supplementary Fig.  2). Autophagy 
is a well-recognized mechanism for targeting damaged 
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components or intracellular pathogens [5, 33], but 
unfortunately, ETECK88 infection obviously inhibited 
autophagy, as determined by Beclin 1 expression in jeju-
num and ileum tissues (Supplementary Fig.  3A, C). We 
validated that EGCs participate in defending against 
harmful substances and regulating inflammation [34]. 
Interestingly, the expression of GFAP, a reactive bio-
marker of EGCs, was markedly elevated in the jejunum 
and ileum of the ETECK88-infected mice (Supplemen-
tary Fig.  3B, D). These observations were reinforced by 
immunofluorescence analysis of the myenteric plexus 
of the jejunum and ileum, which revealed an increased 
number of GFAP- or S100β-positive cells (Supplemen-
tary Fig.  3E–G). Prompted by these data, we investi-
gated whether an increase in the number of mucosal 
glia occurred and found that ETECK88 significantly 
increased the number of EGCs in the mucosa of the jeju-
num and ileum, indicating that EGCs directly interact 
with ETECK88 (Supplementary Fig.  3H, I). These data 
suggest that ETECK88 opposes autophagy activation and 
alters EGC activity.

ETECK88 infection restrains autophagy in EGCs
To assess whether EGCs are directly involved in the regu-
lation of host–bacteria interactions, cells were exposed 
to ETECK88 at MOIs of 5, 10, and 20 for 3, 6, and 12 h. 
The IL-6 mRNA level constantly increased with increas-
ing infection time, but the dissolution or death of many 
of the cells occurred at 12 h (Supplementary Fig.  4A). 
Thus, we chose to expose EGC to an appropriate bacte-
rial charge at an MOI of 10 for 3 and 6 h to minimize cell 
mortality. Surprisingly, confocal microscopy confirmed 
that ETECK88 was invasive, with intracellular ETECK88-
mCherry observed in nearly all of the infected cells (Sup-
plementary Fig.  4B). Moreover, gentamicin assays were 
used to eliminate extracellular bacteria (Supplementary 
Fig. 4C). To better understand the host pathways affected 
by ETECK88 subversion, we analyzed the autophagy 
system. Notably, the mRNA and protein levels of Bec-
lin 1 and LC3 gradually decreased in a time-dependent 
manner upon ETECK88 exposure, which indicated that 
autophagic flux was blocked (Supplementary Fig. 4D–G). 
To further validate the autophagic flux status, we trans-
fected cells with the pCMV-mCherry-GFP-LC3B plas-
mid, which is a fluorescently labeled protein tailor-made 
for autophagy research. Compared with mCherry, a 
vibrant red fluorescent protein, and GFP, a striking green 
fluorescent protein, both proteins are easily discernible 
under a fluorescence microscope. LC3 manifests in two 
distinct forms: LC3-I, which remains unbound in the 
cytoplasm, and LC3-II, which binds to the autophago-
some membrane. pCMV-mCherry-GFP-LC3B is a 
fusion protein that integrates mCherry, GFP, and LC3. 

As autophagy initiates within a cell, LC3-I transitions to 
LC3-II and attaches to the autophagosome membrane, 
resulting in yellow fluorescence emission from the cell, 
signifying the convergence of red and green fluores-
cent signals. Subsequently, as autophagosomes merge 
with lysosomes to form autophagolysosomes, the acidic 
environment causes GFP, which is sensitive to such 
conditions, to progressively lose its fluorescence, while 
mCherry maintains its bright red fluorescence, which 
is impervious to the acidic milieu. Hence, autophago-
lysosomes are exclusively indicated by red fluorescence. 
Autophagic flux is strengthened when both yellow and 
red puncta are increased in EGCs, whereas EGCs show 
decreases in both yellow and red puncta or when only 
yellow puncta are increased without red puncta changes, 
suggesting autophagic flux inhibition. Infection of EGCs 
with ETECK88, which is a wild-type strain devoid of flu-
orescein and thus does not emit any fluorescence, mark-
edly reduced the number of yellow and red puncta in a 
time-dependent manner, suggesting the contraction of 
autophagosomes and the formation of autolysosomes 
(Supplementary Fig. 4H–J). Autophagy both targets and 
protects against a variety of intracellular bacterial path-
ogens, such as by establishing a bacteria-LC3B puncta 
complex. To further clarify this phenomenon, EGCs were 
transfected with pEGFP-LC3B for 24 h and then sub-
jected to ETECK88-mCherry invasion. Regrettably, even 
in the presence of high levels of ETECK88-mCherry, 
there was very little formation of the bacteria-LC3B 
puncta mixture as autophagy was inhibited (Supplemen-
tary Fig.  4K). These data revealed that the resistance of 
EGCs to ETECK88 infection is disrupted as autophagy 
declines.

Activation of autophagy boosts EGCs against ETECK88 
invasion
To explore whether autophagy is involved in host 
defense against microbial infection, EGCs were treated 
with RAPA, an agonist of autophagy; 3-MA, an inhibi-
tor of autophagy that blocks autophagosome forma-
tion; or CQ, a specific late-phase autophagy inhibitor 
that restrains autophagic flux by impeding lysosomal 
degradation and obstructing autophagosome-lysosome 
fusion (Supplementary Fig. 5A–E). RAPA (10 μM) for 3 
h and 10 mM 3-MA and 25 μM CQ for 1 h were cho-
sen as the optimal concentration and treatment time for 
further investigation. After transfection with pCMV-
mCherry-GFP-LC3B, EGCs exposed to RAPA exhibited 
a significant increase in yellow and green fluorescence 
in response to ETECK88, indicating an increase in the 
number of autophagosomes and autolysosomes. In con-
trast, the administration of 3-MA resulted in a substan-
tial decrease in the number of LC3B puncta, whereas 
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CQ led to an increase in the number of LC3B puncta 
(Supplementary Fig.  5F–I). This phenomenon provided 
evidence that the autophagic flux of EGCs was retarded 
throughout the entire process after infection with 
ETECK88. Given that cytokines play critical roles dur-
ing bacterial challenge, we further detected the expres-
sion of these factors through quantitative real-time PCR 
(qRT‒PCR). The mRNA levels of IL-1β and IL-6 were 
strongly decreased in the EGCs subjected to ETECK88 
subversion after pretreatment with RAPA, while in sharp 
contrast, the TGF-β level was significantly increased 
(Fig.  1A–C). However, these changes were obviously 
reversed by treatment with 3-MA or CQ, suggest-
ing that autophagy may be connected to the alleviation 
of inflammation. Interestingly, the formation of LC3B 
puncta and the extent of their colocalization with bacte-
rial phagosomes were greatly greater in RAPA-treated/
ETECK88-mCherry-infected EGCs than in untreated/
ETECK88-mCherry-infected EGCs, which illustrated the 
possible effectiveness of autophagy in combating bacte-
ria in EGCs (Fig.  1D, E). To further analyze the role of 
autophagy in bacterial killing, we examined the intracel-
lular viability of the ETECK88 strains following the acti-
vation or inhibition of autophagy. As expected, RAPA 
significantly decreased the number of CFUs of ETECK88 
in EGCs; however, 3-MA or CQ treatment significantly 
limited this effect (Fig. 1F, G). The data mentioned above 
support that the activation of autophagy triggers the 
antibacterial property of EGCs in the face of ETECK88 
challenge.

GABABR activation promotes autophagy against ETECK88 
infection in EGCs
Compared with extensive studies in the brain, few studies 
have illuminated the specific mechanism of GABABR in 
the intestine during the period of infection with patho-
gens. Previous research from our team revealed that 
GABABR in EGCs was involved in the pathway of bacte-
rial invasion [34]. Therefore, we surmised that GABABR 
signaling may be connected with autophagy to enhance 
host defense by ETECK88. To test this hypothesis, we 
first detected the expression of GABABR in the intes-
tinal tissues of mice upon ETECK88 challenge. The 
results showed that ETECK88 notably caused a reduc-
tion in GABABR protein levels in the jejunum and ileum 
(Fig. 2A). In line with these findings, qRT‒PCR and West-
ern blotting  (WB) analysis revealed that the GABABR 
mRNA and protein levels decreased in a time-dependent 
manner in EGCs following ETECK88 infection, whereas 
the mRNA levels of the GABAAR subunits did not change 
markedly with increasing infection time (Fig. 2B–D; Sup-
plementary Fig.  6A, B). These data demonstrated that 
the subunits of GABABR were modulated by ETECK88 

infection. To explore whether GABABR activation ampli-
fied the host defense against microbial infection, EGCs 
were treated with the GABABR agonist baclofen and 
then infected with ETECK88. Baclofen treatment led to 
significant inhibition of IL-6 and an increase in TGF-β 
in EGCs during ETECK88 infection, indicating an anti-
inflammatory effect on GABABR signaling during patho-
gen challenge (Fig. 2E, F). We next investigated whether 
autophagy is involved in GABABR activation to trigger 
antimicrobial effects during intracellular bacterial infec-
tion. In particular, genes associated with autophagy, 
including Beclin 1 and LC3, were substantially upregu-
lated at the mRNA or protein level in baclofen-treated 
cells, demonstrating that GABABR elicitation induced 
the activation of autophagy (Fig. 2G–J). We used a tan-
dem-LC3 vector (pCMV-mCherry-GFP-LC3B) to con-
firm that baclofen stimulated bona fide autophagic flux, 
as evidenced by the marked increase in yellow and red 
fluorescence within EGCs, suggesting an increase in the 
number of autophagosomes and autolysosomes (Fig. 2K–
M). We thus explored whether GABABR-induced 
autophagy activation was required for the phagocytosis 
process during ETECK88-mCherry invasion. The num-
ber of LC3B puncta and the extent of their colocalization 
with ETECK88-mCherry phagosomes were significantly 
elevated in the infected cells (Fig.  2N). Importantly, 
lower bacterial burdens were observed in the baclofen-
treated cells following ETECK88 invasion (Fig.  2O, P; 
Supplementary Fig.  6C, D). These results demonstrate 
that GABABR signaling contributes to protecting the 
host from ETECK88 infection through the activation of 
autophagy.

MyD88 is essential for GABABR‑mediated autophagy 
activation in EGCs challenged with ETECK88
We further examined the mechanism by which GABABR 
activated autophagy in vitro and in vivo. MyD88 has been 
reported to act as a major adaptor molecule downstream 
of several surface and cytosolic pattern recognition 
receptors [35, 36]. MyD88-dependent autophagy inhibi-
tion contributes to intestinal inflammation damage [37]. 
Our results revealed that compared with uninfected mice, 
ETECK88-infected mice had significantly greater levels 
of the MyD88 protein in the jejunum and ileum (Supple-
mentary Fig.  7A, B). MyD88 is necessary for responses 
to Toll-like receptors (TLRs), the stimulation of which 
leads to the expression of a wide range of genes involved 
in innate and adaptive immunity against pathogens 
[38–40]. Remarkably, infection of EGCs with ETECK88 
significantly decreased the mRNA levels of TLR1, TLR3, 
TLR4, TLR6, and TLR9 in a time-dependent manner, but 
not those of TLR5 (Supplementary Fig.  7C–J). In con-
trast, in line with the in vivo data, both the mRNA and 
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protein levels of MyD88 in EGCs were upregulated fol-
lowing ETECK88 invasion, while ETECK88 seemed to 
have little impact on the mRNA secretion of NF-κB path-
way-related genes (Supplementary Fig.  7K–Q). These 
data were consistent with our hypothesis that MyD88 is 
likely the major molecule involved in GABABR-mediated 
autophagy activation in response to ETECK88 challenge.

We thus examined the effects of baclofen on the 
expression of TLRs and MyD88 in EGCs during infec-
tion. Intriguingly, GABABR activation increased the 
levels of mRNAs encoding TLR3, TLR4, TLR6, and 
TLR9 but not MyD88, which was significantly impeded 
at both the mRNA and protein levels, in ETECK88-
infected EGCs (Fig.  3A–C; Supplementary Fig.  8A–D). 
We next sought to investigate the effects of MyD88 on 
the ETECK88-mediated reduction in autophagy in EGCs. 
We performed genetic silencing of MyD88 using a plas-
mid system (pLV3-U6-MyD88-shRNA-CopGFP-Puro), 
and WB confirmed that MyD88 protein expression was 
efficiently downregulated in EGCs, especially that of 
shRNA MyD88-1, which achieved improved expression 
(Supplementary Fig.  9A, B). As expected, in MyD88-
silenced cells infected with ETECK88, the mRNA levels 
of the proinflammatory cytokines IL-1β and IL-6 were 
markedly decreased, while the production of the anti-
inflammatory factor TGF-β was increased (Fig.  3D–F).  
However, these changes were significantly reversed 
by MyD88 overexpression via the pLV3-CMV-MyD88 
(rat)-3xFLAG-CopGFP-Puro plasmid (Supplementary  
Fig. 10A–C). Using a silencing plasmid to inhibit MyD88 
expression, we showed that MyD88 inhibition strongly 
increased the expression of Beclin 1 and LC3 at the 
mRNA and protein levels, respectively, in cells challenged 
with ETECK88; nevertheless, MyD88 overexpression had 
the opposite effect (Fig. 3G–J; Supplementary Fig. 10D–
G). ETECK88-induced autophagy inhibition in EGCs was 
closely linked to MyD88 signaling. Next, to monitor the 
effect of MyD88 inhibition on autophagic flux, we treated 
EGCs with various concentrations of the MyD88 inhibi-
tor TJ-M2010-5 before ETECK88 infection and treated 
them with 5 μM TJ-M2010-5 for further experiments 
(Supplementary Fig.  9C, D). Increased Beclin 1 protein 
production was also observed in EGCs challenged with 

ETECK88 following exposure to TJ-M2010-5, which 
was consistent with the MyD88 silencing results (Sup-
plementary Fig.  9E, F). In the autophagy flux assay, 
TJ-M2010-5 induced significant autophagosome and 
autolysosome accumulation in ETECK88-infected cells, 
which were characterized by mCherry and GFP (yel-
low) or mCherry (red) fluorescence signals, respectively 
(Fig.  3K–M). TJ-M2010-5 treatment markedly elevated 
the colocalization of ETECK88-mCherry phagosomes 
with autophagosomes, further confirming that MyD88 
plays a critical role in autophagy-mediated antimicro-
bial activity (Fig. 3N). Additionally, the inhibitory effects 
of EGC-mediated silencing of MyD88 on the survival of 
ETECK88-treated cells were greater than those on the 
survival of untreated cells (Fig. 3O, P). These data strongly 
suggest that MyD88 is required for GABABR-induced 
autophagy enhancement and antimicrobial responses 
against ETECK88 infection.

Activation of GABABR could relieve enteritis by restraining 
the inflammatory response and inhibiting ETECK88 
colonization
These data collectively show that GABABR activa-
tion is critical when host defenses are mounted against 
ETECK88 infection. We thus hypothesized that sys-
temic GABABR triggers would decrease host suscep-
tibility to such infection. Mice were intraperitoneally 
pretreated with 10 mg/kg baclofen for 7 days before and 
after infection (Fig.  4A). Next, the mice were infected 
with ETECK88. Interestingly, the administration of 
baclofen to the ETECK88-infected mice significantly 
ameliorated intestinal inflammation, as indicated by 
decreased diarrhea symptoms, body weight loss and 
spleen weight augmentation, as well as less disruption 
of the mucosal epithelium in the jejunum and ileum tis-
sues (Fig.  4B–D; Supplementary Fig.  11A–C). Addi-
tionally, since goblet cells (GCs) that express mucin are 
present in the intestinal mucosal epithelium [41], we 
performed AB-PAS staining and revealed that ETECK88 
resulted in massive loss of GCs in the villi of the jejunum 
and ileum, but fortunately, the GCs were increased after 
baclofen treatment (Fig. 4E). In addition, baclofen effec-
tively improved the production of cytokines, including 

(See figure on next page.)
Fig. 1  Autophagic activation promotes the antibacterial activity of EGCs against ETECK88 infection. A–C qRT‒PCR analysis of IL-1β, IL-6, and TGF-β 
mRNA expression. D, E Representative images showing the interaction between ETECK88-mCherry and autophagosomes. EGCs were transfected 
with the pEGFP-LC3B plasmid, and cells were pretreated with or without RAPA or RAPA plus 3-MA or CQ and then infected with or without 
ETECK88-mCherry for 3/6 h. The binding regions of bacteria and autophagosomes are denoted by white arrows. Scale bar, 20 μm. F, G Intracellular 
survival of ETECK88-treated EGCs pretreated with or without RAPA or RAPA plus 3-MA or CQ. For qRT‒PCR, GAPDH was used for normalization, 
and the mean fold changes compared to those in the CON group were calculated according to the 2−ΔΔCT method. The data are shown as the mean 
± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 1  (See legend on previous page.)
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proinflammatory factors (IL-1β, IL-6, IL-17A, TNF-α, 
and MCP-1), chemokines (CXCL9) and colony-stimulat-
ing factor (GMCSF), in the jejunum and ileum tissues of 
ETECK88-infected mice and enhanced the production 
of anti-inflammatory factors (IL-4, IL-10, and TGF-β), 
indicating that GABABR activation improved inflamma-
tory responses (Fig.  4F–I). Immune cells such as mac-
rophages, which are a significant source of inflammatory 
factors, are activated to respond to disadvantageous envi-
ronmental stimuli, including pathogenic bacteria, when 
inflammation occurs [42]. We next detected the mRNA 
or protein levels of immune-related molecules, which 
are representative of M1/M2 macrophages, through 
qRT‒PCR or WB. Our data showed that the mRNA or 
protein levels of M1 macrophage markers, including 
CD16, CD32, CD68, CD80, CD86, MHC II, and iNOS, 
in the jejunum and ileum of ETECK88-infected mice 
were significantly decreased following pretreatment with 
baclofen (Fig. 4J, K, N–P). Interestingly, we also observed 
that baclofen significantly increased the levels of genes 
encoding the M2 macrophage markers Arg1 and CD206, 
suggesting that GABABR activation induced a state favor-
ing an anti-inflammatory phenotype in the jejunum and 
ileum tissues (Fig. 4L, M).

To better understand the suppressive effects of 
GABABR signaling on intestinal inflammation, we evalu-
ated the ability of ETECK88 to colonize the enteric con-
tents of mice. Intriguingly, ETECK88-mCherry growth 
in the jejunum and ileum was markedly restrained upon 
treatment with baclofen (Fig.  4Q, R). These findings 
suggested that GABABR activation strongly adjusted 
the intestinal flora. Hence, to gain further insight into 
the effects of GABABR activation on the microbiota 
in the gut, 16S rDNA sequencing of ileum contents 
was performed. Further validation via a CFU count-
ing assay revealed that baclofen administration signifi-
cantly reversed intestinal flora maladjustment in mice 
infected with ETECK88, as indicated by a decrease in the 

abundance of harmful bacteria such as Escherichia coli 
and an increase in the abundance of Bacteroides, Firmi-
cutes, and Lactobacillus, which have been characterized 
as probiotics (Fig. 4S, T; Supplementary Fig. 11D–G). The 
evidence above suggests that the activation of GABABR 
in mice significantly compromises susceptibility to 
ETECK88.

GABABR activation enhances host protection 
against ETECK88 infection through MyD88‑mediated 
autophagy in the EGCs of mice
To further demonstrate the mechanisms underlying 
the protective effects of baclofen in ETECK88-infected 
mice, we first analyzed the TLR4/MyD88/NLRP3 sign-
aling pathway. In the jejunum and ileum tissues of 
mice, ETECK88 increased both the mRNA and protein 
levels of TLR4, MyD88, and NLRP3, but this increase 
was successfully suppressed by pretreatment with 
baclofen (Fig.  5A–E). Dramatic autophagy activation 
dependent on MyD88 inhibition was demonstrated in 
an in vitro experiment in which EGCs were challenged 
with ETECK88. Notably, in the inflamed lesions of the 
jejunum and ileum, Beclin 1 and LC3 were downregu-
lated at the mRNA and protein levels, respectively; to 
some extent, the administration of baclofen elevated 
these expression levels (Fig.  5F–I). These data cor-
responded with those of the in vitro experiments. 
Moreover, GABABR activation notably impaired the 
expression of GFAP in the jejunum and ileum tissues 
of mice infected with ETECK88, which strongly veri-
fied the close relationship between GABABR and EGCs 
in the antibacterial process (Fig. 5J, K). Consistent with 
the above data, as shown by immunofluorescence stain-
ing for GFAP (red) and S100β (green), GABABR activa-
tion was accompanied by a decrease in the number of 
EGCs in the myenteric plexus of the jejunum and ileum 
of ETECK88-infected mice (Fig.  5L–N). Within the 
mucosal layers of the intestine, EGCs immunolabeled 

Fig. 2  GABABR activation protects EGCs from ETECK88 invasion by enhancing autophagy. A ELISA was used to measure the levels of GABABR 
in the intestines of the mice. B EGCs were subjected to qRT‒PCR to determine the mRNA levels of GABABR. C, D The levels of GABABR in EGCs 
were analyzed by WB. E–H The mRNA expression levels of IL-6, TGF-β, Beclin 1, and LC3 in EGCs were assessed by qRT‒PCR. Cells were treated 
with or without baclofen and then infected with or without ETECK88. I, J EGCs were pretreated with or without baclofen and then analyzed 
for Beclin 1 protein expression after ETEC infection. K, L Average number of autophagosomes (yellow) and autolysosomes (red) in each cell 
(>20 cells/group). M Transiently transfected EGCs expressing pCMV-mCherry-GFP-LC3B were treated with or without baclofen and then 
challenged with or without ETECK88. Confocal microscopic analysis of LC3B. Scale bar, 20 μm. N Confocal microscopic analysis of the interaction 
between ETECK88-mCherry and autophagosomes. EGCs were transfected with the pEGFP-LC3B plasmid, and the cells were treated with or without 
baclofen and then infected with or without ETECK88-mCherry. The binding regions of bacteria and autophagosomes are denoted by white 
arrows. Scale bar, 20 μm. O, P Intracellular survival of ETECK88-treated EGCs pretreated with or without baclofen. For qRT‒PCR, GAPDH was used 
for normalization, and the mean fold changes compared to those in the CON group were calculated according to the 2−ΔΔCT method. For WB, 
expression levels were normalized to the expression of β-actin. The data are shown as the mean ± SEM. * or # p < 0.05, ** or ## p < 0.01, *** or  
### p < 0.001

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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for GFAP and/or S100β (green) were found to reside 
primarily in mice challenged with ETECK88, but 
baclofen administration significantly weakened these 
effects (Fig.  5O, P). Taken together, these results pro-
vide convincing evidence to support our emerging view 
that GABABR activation inhibits MyD88 to strengthen 
EGC autophagy to enhance host defense.

Discussion
Our data showed that GABABR activation reduced sus-
ceptibility to ETECK88 infection and thus contributed 
to antimicrobial host defenses both in vitro and in vivo. 
Compared with extensive reports in the brain, few stud-
ies have investigated the function of GABABR signal-
ing in the intestine, especially in the ENS, such as in 
EGCs. Herein, we concentrated on EGCs, which serve 
as immune cells to battle against intracellular bacte-
rial infection, in the context of GABABR host defense. 
Notably, the MyD88 inhibition-mediated increase in 
autophagy was closely involved in the GABABR defense 
system of EGCs during infection (Fig. 6).

The gram-negative bacteria ETEC is frequently 
observed in the gastrointestinal microbiota [43]. ETECs 
are a group of pathogens that normally colonize the 
small intestine, where they generate and transport plas-
mid-encoded heat-labile and/or heat-stable enterotoxins 
[44]. In total, these conditions lead to tens of thousands 
of cases of diarrhea in humans and livestock annually. 
Consistent with the existing findings, our data showed 
that oral administration of ETECK88 seriously impaired 
the health of mice, with one of the most obvious changes 
observed in body weight. The villus plays a critical role 
in the small intestine and plays an essential role in eradi-
cating harmful bacteria and acquiring nourishment [45]. 
Intestinal mucosa regression with epithelial exfoliation is 
commonly observed in ETECK88-infected piglets, as well 
as in mice challenged with ETECK88. Importantly, we 
found that at 48 h postinfection, a tremendous amount of 

ETECK88-mCherry with red fluorescence colonized the 
jejunum and ileum contents. Considering the high degree 
of bacterial colonization, we surmised that ETECK88-
mCherry would have a good chance of traveling from the 
contents to the mucous layer of the jejunum and ileum. 
The confocal microscopy results validated this claim, 
although only small amounts of ETECK88-mCherry were 
monitored. Thus, close contact between ETECK88 and 
cells located in intestinal tissues was observed.

An increasing number of studies have shown that 
EGCs are the primary contributors to the development 
and progression of GI disease, which provides insight 
into the role of EGCs in response to stimuli, cancer, and 
pathogenic bacteria [46]. In vivo and in vitro experiments 
revealed that EGC relieves the IEB injury and inflamma-
tion caused by Shigella flexneri through the expression 
of the key mediator GSNO [21]. EGCs are also activated 
by exogenous stimuli, such as LPS and IFN-γ, to secrete 
MHC II, iNOS and inflammatory factors to participate 
in the regulation of intestinal illness [47]. In the intesti-
nal mucosa of patients with inflammatory bowel disease, 
the EGC network is abnormal, and the protein levels 
of particular EGC-derived markers, GFAP and S100β, 
are high [48]. In the lesioned jejunum and ileum of 
ETECK88-infected mice, increased expression of GFAP 
was detected, which was further confirmed in the myen-
teric plexus through immunofluorescence. These findings 
suggested that the abnormal activity of EGCs was caused 
by ETECK88. It has been reported that abnormally and 
excessively proliferating EGCs can migrate from sites of 
the myenteric plexus to the intestinal mucous layer [16]. 
Consistently, by staining for GFAP and S100β with a sin-
gle fluorescence, we found that the number of EGCs in 
the intestinal mucosa was notably increased. In com-
bination with the location of ETECK88 in the intestinal 
mucosa, there was a strong possibility that EGCs con-
tacted ETECK88 directly.

(See figure on next page.)
Fig. 3  MyD88 inhibition decreases ETECK88 invasion in EGCs through the promotion of autophagy. A MyD88 expression was measured by qRT‒
PCR. The EGCs were treated with or without baclofen and then infected with or without ETECK88. B, C EGCs were treated with or without baclofen, 
followed by WB analysis to test the protein expression of Beclin 1 after ETECK88 infection. D–H MyD88 in EGCs was silenced, and the mRNA 
expression levels of IL-1β, IL-6, TGF-β, Beclin 1, and LC3 were analyzed using qRT‒PCR after ETECK88 infection. I, J EGCs with or without 
MyD88 silencing were infected with ETECK88, and then, WB was used to analyze the protein level of Beclin 1. K, L Autophagosomes (yellow) 
and autolysosomes (red) were counted from at least 20 random cells. M After pCMV-mCherry-GFP-LC3B transfection, EGCs were loaded 
with or without TJ-M2010-5 and then challenged with or without ETECK88. Confocal microscopic analysis of LC3B. Scale bar, 20 μm. N EGCs 
were transfected with pEGFP-LC3B, exposed to TJ-M2010-5, and then infected with ETETK88-mCherry. The colocalization of ETECK88-mCherry 
and autophagosomes was examined by confocal microscopy. The binding regions of bacteria and autophagosomes are denoted by white arrows. 
Scale bar, 20 μm. O, P EGCs were treated with or without shRNA against the MyD88 plasmid, after which the intracellular survival of ETECK88 
was estimated. For qRT‒PCR, GAPDH was used for normalization, and the mean fold changes compared to those in the CON group were calculated 
according to the 2−ΔΔCT method. For WB, expression levels were normalized to the expression of β-actin. The data are shown as the mean ± SEM. ns 
- not significant, * or # p < 0.05, ** p < 0.01, *** p < 0.001
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Fig. 3  (See legend on previous page.)
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We thus infected EGCs with ETECK88 directly in vitro. 
Delightedly, ETECK88 resulted in high expression of IL-6 
mRNA during infection, suggesting that EGCs possess 
the ability to deal directly with ETECK88. We recently 
demonstrated that EGCs express the mRNAs and pro-
teins of immune-related molecules, such as CD16, CD32, 
CD80, CD86, MHC II, iNOS, Arg1 and CD206, to act 
as immune cells, such as macrophages, involved in vari-
ous physiological and pathological processes [34]. Dur-
ing infection, macrophages are crucial to the innate 
immune response to pathogens, and their fundamental 
role, antimicrobial activity, is to eliminate internalized 
bacteria [49]. In this event, as a housekeeper, autophagy 
sustains cellular homeostasis by killing intracellular bac-
teria through the formation of autophagolysosomes [50]. 
We found that ETECK88 significantly invaded EGCs, as 
determined by confocal microscopy and CFU counting 
assays. The elimination of autophagic substrates involves 
two essential steps: the initial recognition of degrada-
tion targets by autophagy mechanisms, followed by their 
transportation to autolysosomes for elimination. p62 
plays a crucial bridging role between LC3B and ubiq-
uitinated substrates destined for degradation [51, 52]. 
This adaptor protein binds to ubiquitinated proteins, 
integrates them into autophagosomes, and ultimately 
aids in their fusion with lysosomes, creating autolys-
osomes for efficient waste removal. When autophagy 
flux is disrupted, p62 levels increase, while activated 

Fig. 4  GABABR activation alleviates ETECK88-induced intestinal 
damage in vivo through downregulating inflammation and bacterial 
colonization. A The protocol for treating ETECK88-treated mice 
with baclofen. B Quantification of body weight as a measure 
of intestinal inflammation severity in the different treatment 
groups. C The indices of the spleen. D Representative H&E-stained 
images of intestinal tissues. Scale bar, 50 μm. E AB-PAS staining 
of intestinal sections from the different treatment groups. Scale 
bar, 50 μm. F–M The mRNA expression levels of inflammatory 
factors and immune-related genes in the intestine were analyzed 
using qRT‒PCR. N–P WB products of immune-related markers 
in intestinal tissues from the different groups. Q, R Intestinal content 
of ETECK88-mCherry in mice. S, T 16S rDNA sequencing results 
of the relative abundance of intestinal bacteria in mice at the phylum 
and order levels in each group. For qRT‒PCR, GAPDH was used 
for normalization, and the mean fold changes compared to those 
in the CON group were calculated according to the 2−ΔΔCT method. 
For WB, expression levels were normalized to the expression 
of β-actin. The data are shown as the mean ± SEM. * or # p < 0.05,  
** or ## p < 0.01, *** or ### p < 0.001
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autophagy flux results in decreased p62 levels. In our 
study, we detected a substantial decrease in the expres-
sion of autophagy-related molecules, specifically Beclin 
1 and LC3, accompanied by a reduction in the number 
of autophagosomes and autolysosomes upon infection of 
EGCs with ETECK88. These observations suggest that 
autophagy is suppressed, indicating a potential increase 
in p62 protein levels during this phase. This further sug-
gested a notable decrease in the antibacterial activity of 
EGCs. We thus first investigated the role of autophagy 
in protecting EGCs from intracellular bacteria. Interest-
ingly, the activation of autophagy by RAPA obviously 
inhibited the intracellular survival of ETECK88, while 
3-MA or CQ had the opposite effect, demonstrating 
that the enhancement of EGC autophagy has antimi-
crobial effects. Moreover, autophagy activation could 
also improve the inflammatory response, as indicated by 
decreased levels of IL-1β and IL-6 and increased expres-
sion of TGF-β, suggesting that autophagy is closely linked 
to inflammation during ETECK88 infection.

Recent results on the GABAergic activation of anti-
bacterial capacity in macrophages and in vivo evidence 
revealed the critical role of GABAAR in innate immune 
responses to intracellular pathogen challenge [28]. These 
results revealed that the increase in autophagy was 
induced by GABA or GABAAR activation in macrophages 
and thus contributed to phagosomal maturation and the 
host defense capacity against invasive bacteria. Our pre-
vious report strongly indicated that GABABR rather than 
GABAAR in EGCs participates in the modulation of the 
bacterial invasion pathway of epithelial cells [34]. How-
ever, the functions of GABABR in EGCs, especially in the 
modulation of autophagy during bacterial invasion, are 
still not well known. Surprisingly, in the present study, 
ETECK88 resulted in lower levels of GABABR both in 
intestinal tissues and EGCs, indicating that GABABR 
signaling was inhibited following bacterial infection. 
Although the levels of GABAAR subunits, including 
GABAARθ and GABAARρ3, were changed at 3 h postin-
fection, their expression did not seem to change much at 
6 h. Therefore, we mainly assessed the effects of GABABR 
activation on the elicitation of host defense away from 

ETECK88 invasion. The application of baclofen nota-
bly reduced the expression of inflammatory factors in 
EGCs infected with ETECK88, thus highlighting the anti-
inflammatory effects associated with GABABR activation. 
Furthermore, through the use of baclofen, the activation 
of GABABR significantly augmented the expression of 
Beclin 1 and LC3, which was paralleled by an increase 
in the number of autophagosomes and autolysosomes, 
ultimately resulting in autophagy enhancement. Concur-
rently, p62 protein levels within EGCs decreased. The 
amplification of autophagy in turn promoted the binding 
of autophagosomes to ETECK88. By using a CFU assay 
to determine the intracellular survival of ETECK88, the 
ability of EGCs to scavenge invasive bacteria was deter-
mined. In this study, we primarily employed baclofen, 
a lipophilic derivative of γ-aminobutyric acid (GABA), 
which functions as an orally effective and highly selec-
tive agonist of GABABR. Baclofen is widely recognized 
as a highly effective agonist for activating GABABR, and 
it has been successfully commercialized and employed 
in clinical practice. It is possible that baclofen treatment 
does not notably alter the expression levels of GABABR 
but may instead affect the molecular conformation of 
the receptor, which represents the activation of GABABR 
[53]. However, currently, there is no definitive marker 
available to accurately demonstrate the activation of 
GABABR by baclofen. Previous studies have demon-
strated that by mimicking the actions of GABA, baclofen 
triggers slow presynaptic inhibition via the activation of 
GABABR in various brain cells, such as neurons, astro-
cytes, microglia, and oligodendrocytes [53–58]. In this 
study, our main focus was not to observe changes in 
GABABR expression following baclofen treatment but to 
explore the specific functions of the activated GABABR. 
Our previous studies demonstrated that upon GABABR 
activation, baclofen significantly modulates the pheno-
typic polarization of EGCs, suppresses the expression 
of proinflammatory cytokines, and elevates the levels of 
anti-inflammatory factors, ultimately mitigating LPS-
induced inflammation [34]. Based on these analyses and 
our findings, we believe that baclofen obviously activated 
the GABABR in the present study.

Fig. 5  Activation of GABABR linked to EGC autophagy protects mice from ETECK88 infection by inhibiting MyD88. A, B qPCR analysis of TLR4, 
MyD88, and NLRP3 mRNA levels in the intestinal tissues of mice. C–E Representative images of TLR4, MyD88, and NLRP3 protein levels 
in the intestinal tissues of mice. F, G qPCR analysis of Beclin 1 and LC3 mRNA levels in the intestines of mice in different groups. H–K The protein 
expression levels of Beclin 1 and GFAP in mouse intestinal tissues were detected by WB analysis. L–N Representative images showing GFAP (red) 
and S100β (green) in the myenteric plexus of the mouse intestine. Scale bar, 20 μm. O, P Total EGCs in the intestinal mucosa of mice were marked 
by single immunofluorescence staining for GFAP and/or S100β (green). Positive locations are denoted by white arrows. Scale bar, 20 μm. For qRT‒
PCR, GAPDH was used for normalization, and the mean fold changes compared to those in the CON group were calculated according to the 2−ΔΔCT 
method. For WB, expression levels were normalized to the expression of β-actin. The data are shown as the mean ± SEM. * or # p < 0.05, ** or ## p < 
0.01, *** or ### p < 0.001

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Several studies in mice and humans have demonstrated 
that in the brain, innate immunity is mainly manipulated 
by TLRs, which are primarily expressed on astrocytes 
and microglia [59]. In a common state, astrocytes show 
almost no expression of TLRs; however, their secretion 
is increased promptly following microbial infection [59]. 
It has been reported that EGCs share analogous roles 
with astrocytes, which are located mainly in the CNS and 
exhibit similar morphology and functions. On this basis, 
EGCs express TLRs at very low levels, indicating that 
EGCs have the capacity to respond to exogenous stimuli 
and pathogen challenge and thus elicit innate immunity in 
the intestine [59]. In agreement with these findings, TLRs 
were detectable in the EGC line. However, the expres-
sion of TLR1, TLR3, TLR4, TLR6, and TLR9, but not that 
of TLR5, decreased following ETECK88 infection. The 
decrease in TLR levels in EGCs may be a self-protective 
mechanism during the inflammatory damage caused by 
ETECK88. However, GABABR activation significantly 
boosted the mRNA production of TLRs, suggesting that 
GABABR signaling participates in self-protective mecha-
nisms and innate immunity in EGCs. When microbial 

invasion occurs, TLRs play a role in recognizing path-
ogen-associated molecular patterns through MyD88-
dependent and MyD88-independent signaling [60]. As a 
vital adaptor for TLRs other than TLR3, activated MyD88 
stimulates downstream pathways such as the NF-κB sign-
aling pathway, which is associated with inflammation 
and bacterial infection [61]. In contrast to those of TLRs, 
our data revealed that both the mRNA and protein levels 
of MyD88 in intestinal tissues and EGCs were elevated 
following ETECK88 infection. Although high expres-
sion of cytokines was found in EGCs upon ETECK88 
infection, activated MyD88 did not seem to affect the 
NF-κB pathway, which is considered the most effec-
tive signaling pathway for inflammatory factor produc-
tion. Therefore, MyD88 may be directly involved in the 
regulation of ETECK88. Increasing amounts of data have 
demonstrated that MyD88 is significant for infection-
pathogen elimination both in vivo and in vitro [62]. For 
example, mice in which the MyD88 gene was knocked 
out were more sensitive to Staphylococcus aureus [60]. 
We showed that GABABR-mediated autophagy in EGCs 
effectively inhibited intracellular ETECK88. Owing to 

Fig. 6  Proposed model for GABABR activation accelerating autophagy formation by inhibiting MyD88 signaling to strengthen EGC antibacterial 
activity. Pretreatment of EGCs with the GABABR agonist baclofen significantly decreased MyD88 levels upon infection with ETECK88. Over time, 
the number of autophagosomes and lysosomes increased, and the number of autolysosomes increased, suggesting that autophagy intensified. 
Importantly, the number of autolysosomes and the extent of their colocalization with ETECK88 were obviously elevated in the infected cells. 
Furthermore, the levels of the proinflammatory factors IL-1β and IL-6 decreased, while the production of the anti-inflammatory mediator TGF-β 
increased. Hence, the antibacterial function of EGCs was ultimately reinforced



Page 15 of 20Deng et al. One Health Advances            (2024) 2:18 	

these findings, we hypothesized that MyD88 likely partic-
ipates in the GABABR-autophagy pathway. As expected, 
GABABR activation greatly decreased the expression of 
MyD88 in mouse intestinal tissues and EGCs. Intrigu-
ingly, our in vitro data revealed that suppressing MyD88 
via either a shRNA-MyD88 plasmid or a TJ-M2010-5 
inhibitor significantly reduced the proinflammatory 
cytokines IL-1β and IL-6 while simultaneously increasing 
TGF-β levels. This cytokine shift implies that inhibiting 
MyD88 could alleviate inflammation, offering therapeu-
tic advantages. When MyD88 was inhibited using inhibi-
tors or shRNA-MyD88 plasmids, we observed a marked 
increase in the expression of Beclin 1 and LC3, along 
with an increase in the number of autophagosomes and 
autolysosomes. These observations suggest enhanced 
autophagy in EGCs infected with ETECK88. Addition-
ally, we assumed a possible decrease in p62 protein levels. 
Moreover, there was a noticeable increase in the number 
of autolysosomes associated with ETECK88, accompa-
nied by a decrease in the number of bacterial colonies on 
the plate. This indicates that MyD88 inhibition is effec-
tive in scavenging and countering ETECK88 invasion. 
Overall, our findings unequivocally demonstrate that the 
activation of GABABR promotes autophagy enhancement 
and inflammation reduction in EGCs through the MyD88 
pathway, efficiently eliminating invading ETECK88.

In mouse jejunum and ileum tissues, we showed that 
the administration of baclofen to activate GABABR nota-
bly reduced the mRNA levels of IL-1β, IL-6, IL-17A, 
TNF-α, CXCL9, GMCSF, and MCP-1, while the expres-
sion of anti-inflammatory factors such as IL-4, IL-10, 
and TGF-β increased considerably. These data indi-
cated that GABABR activation had a protective effect on 
mice infected with ETECK88. It has been reported that 
immune cells such as macrophages are excellent sources 
of inflammatory cytokines [61]. To date, macrophages are 
classified into two main functional types: classically acti-
vated (M1) macrophages and alternatively activated (M2) 
macrophages [62]. Commonly, M1 macrophages secrete 
a range of proinflammatory factors, such as IL-1β, IL-6, 
and TNF-α, and enhance their specific markers CD16, 
CD32, CD80, CD86, MHCII, and iNOS. Conversely, the 
anti-inflammatory mediators IL-4, IL-10, and TGF-β are 
primarily expressed by M2 macrophages, which express 
the markers Arg-1, CD163, CD206, and Ym-1/2. In addi-
tion, our previous research verified that EGCs express 
immune markers, including CD16, CD32, CD80, CD86, 
MHC II, iNOS, Arg1 and CD206, and cytokines, such as 
IL-1β, IL-6, CXCL10, IFN-γ, and TGF-β, to distinguish 
their specific phenotypes, namely, E1 and E2, in vari-
ous states [34, 69]. Recently, receptors of GABA, includ-
ing GABABR, were shown to be expressed in EGCs and 
cells of the immune system [34, 60]. Our data in jejunum 

and ileum tissues revealed that activation of GABABR by 
baclofen significantly impeded the production of CD16, 
CD32, CD68, CD80, CD86, MHC II, and iNOS, while 
Arg1 and CD206 were highly expressed, suggesting that 
GABABR activation may simultaneously inhibit the mac-
rophage M1- and EGC E1-like phenotype and promote 
the M2 and E2 phenotype following ETECK88 infec-
tion. Next, we found that elicitation of GABABR strongly 
reduced ETECK88 loads in the jejunum and ileum. 
Moreover, 16S rDNA sequencing revealed a reduced 
abundance of pathogenic bacteria and increased rich-
ness of probiotics, including Lactobacillus, in the ileum. 
These data suggest that GABABR activation is conserved 
in the mouse host defense against ETECK88 invasion. In 
accordance with the in vitro experiment, pretreatment of 
mice with baclofen strongly restrained the production of 
MyD88 and increased the expression of the autophagy-
related molecules Beclin 1 and LC3. This finding provides 
more evidence that GABABR-mediated autophagy activa-
tion is frequently associated with MyD88 signaling. In the 
future, we will simultaneously assess multiple autophagy-
related proteins, including ATG, LC3-I/II, and p62, to 
guarantee extensive and methodical experimental results. 
Although elevated numbers of EGCs were found in the 
myenteric plexus and intestinal mucosa of ETECK88-
infected mice, GABABR activation markedly reversed 
these trends. One reason for this was that increased 
EGCs mainly exhibited proinflammatory phenotypes, 
while GABABR activation promoted these phenotypes 
to anti-inflammatory phenotypes, including functional 
antibacterial activity. The second reason could be attrib-
uted to the inhibitory effect of GABABR activation on cell 
transfer from the myenteric plexus to the mucous layer. 
However, we would like to stress some disadvantages 
presented in our current research. Due to technical limi-
tations, it was difficult to determine the colocalization of 
ETECK88 and EGCs in the mouse jejunum and ileum, 
especially for bacteria-autophagosome combinations. 
Primary EGCs from intestinal tissues were separated and 
infected with ETECK88 directly to efficiently simulate in 
vivo conditions. More genes associated with autophagy, 
such as mTOR, p62, and ATG5, should be detected to 
further validate the role of GABABR. It has become 
apparent that we ought to have measured the protein lev-
els of LC3-I/II rather than solely concentrating on mRNA 
levels, even though mRNA and protein expression levels 
are typically synchronized.

Conclusions
In conclusion, we highlighted a previously undiscovered 
role for GABABR in the regulation of the host defenses of 
EGCs against microbial invasion. ETECK88 significantly 
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inhibited autophagy, and its activation improved the 
inflammatory response and reduced the survival rate of 
patients infected with intracellular pathogens. Elicitation 
of GABABR strongly enhanced autophagy, thus increas-
ing the bacteria-autophagosome combination to ulti-
mately protect EGCs against ETECK88. In this molecular 
event, as an important factor, decreased levels of MyD88 
strongly contributed to GABABR-mediated autophagy 
strengthening. Based on the findings of the present study, 
GABABR-mediated autophagy to enhance the antibacte-
rial properties of EGCs may be beneficial for the develop-
ment of therapeutic drugs for treating human and animal 
infective enteritis.

Materials and methods
Animals
C57BL/6 male mice aged 6–8 weeks with a wild-type 
(WT) background were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd., Beijing, 
China. Mice were maintained under specific pathogen-
free conditions at a controlled temperature (20 °C ± 3 
°C) and humidity (60% ± 5%), with free access to water 
and food. Our current study involving experimental mice 
was approved by the Committee for the Care and Use 
of Experimental Animals, China Agricultural Univer-
sity  (No.: AW70604202-2-1). Great effort was made to 
attenuate pain and the number of animals.

Bacterial strains and cell line
The Escherichia coli K88 (ETECK88) strain with a 
WT background was obtained from Testobio Co., Ltd. 
(TS263632; Ningbo, China) to generate a strain with 
the mCherry gene, which is characterized by red fluo-
rescence. These strains of bacteria were cultured in LB 
media at 37 °C. Cultures of bacteria were centrifuged at 
3500 × g for 10 min, washed with sterile PBS, subjected 
to serial dilutions and plated on LB agar plates to count 
colony-forming units (CFU) for further experiments.

EGCs from the adult rat myenteric plexus were pur-
chased from ATCC (CRL2690; VA, USA). EGCs were 
maintained in DMEM (AQ11995; Bejing Aoqing Bio-
technology C., Ltd., Beijing, China) supplemented with 
10% heat-inactivated FBS (AQ-mv-09900; Bejing Aoqing 
Biotechnology C., Ltd., Beijing, China), 2 mM glutamine 
(25030-081; Gibco, NY, USA), and penicillin‒streptomy-
cin solution (1X; BL505A; BioSharp, Hefei, China) at 37 
°C with 5% CO2.

Mouse infection
Mice were orally infected with 2 × 109 CFU of ETECK88 
or ETECK88-mCherry for 2 days and then killed after 
the indicated time [61]. For the activation of GABABR, 

10 mg/kg of the GABABR agonist baclofen (HY-B0007; 
MCE, NJ, USA) was intraperitoneally injected into mice 
before and after ETEC infection [34]. Intestinal contents 
were collected to evaluate the richness of the microbiota, 
and intestinal tissues were fixed in 4% PFA. The other 
part of the tissue was stored at −80 °C for further test-
ing. For measurement of the bacterial burdens, intestinal 
contents from ETECK88-mCherry-infected mice were 
collected and homogenized in sterile PBST, and serial 
dilutions of the homogenates were plated on LB agar 
plates, after which colonies were counted 24 h later.

EGC infection assay
EGCs were seeded into 6-well plates at 1 × 106 cells per 
well and cultured for 24 h. The cells were inoculated with 
ETECK88 at a multiplicity of infection (MOI) of 5/10/20 
for 3/6/12 h [59]. At this point, the GABABR agonist 
baclofen (10 μM; 1 h), the autophagy agonist RAPA (10/25 
μM; 3/6/12 h; HY-10219; MCE, NJ, USA), or RAPA plus 
the autophagy inhibitor 3-MA (1/5/10 mM; 1 h; HY-19312; 
MCE, NJ, USA), CQ (10/25/50 μM; 1 h; HY-17589A; 
MCE, NJ, USA), or the MyD88 inhibitor TJ-M2010-5 
(5/25 μM; 2 h; HY-139397; MCE, NJ, USA) were added 
where required before infection with or without ETEC.

Histology
For histopathology, intestinal tissue samples were fixed in 
4% PFA and embedded in paraffin wax. Paraffin sections 
(5 μm) were then cut and stained with hematoxylin and 
eosin (H&E) and Alcian blue periodic acid Schiff (AB-
PAS) to detect histological changes and mucus secre-
tion, respectively. A 40× photographic microscope (Ni-U, 
Nikon, Tokyo, Japan) was used to image the whole intes-
tinal cross-sections.

RNA isolation and quantitative real‑time PCR (qRT‒PCR)
Total RNA from intestinal tissues and EGCs was extracted 
with an Ultrapure RNA Kit (CW0597S; CWBIO, Beijing, 
China) following the manufacturer’s instructions. One 
microgram of total RNA was reverse transcribed into 
complementary DNA using a SuperRT cDNA Synthe-
sis Kit (CW0741; CWBIO, Beijing, China). cDNAs were 
mixed with primers and UltraSYBR Mixture (CW0957; 
CWBIO, Beijing, China) according to the manufacturer’s 
protocols. The amplification steps were 95 °C for 10 min, 
followed by 40 cycles at 94 °C for 30 s, 60 °C for 30 s, and 
72 °C for 30 s. Reactions were carried out on a CFX96 
Real-Time Thermal Cycler (Bio-Rad, CA, USA). CT values 
were quantified using the 2−ΔΔCT method, with GAPDH 
as the reference for normalization. The data are expressed 
as relative fold changes compared with those in the CON 
group. The sequences of the primers used in this study are 
listed in Supplementary Table 1 [34].
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Western blotting (WB)
Intestinal tissues and cells were lysed in RIPA buffer 
(CW2333S; CWBIO, Beijing, China) supplemented with 
protease inhibitor cocktail (CW2200; CWBIO, Beijing, 
China). Total proteins were boiled in 1× SDS sample 
buffer (CW0027S; CWBIO, Beijing, China), separated 
by SDS‒PAGE, and then transferred onto PVDF mem-
branes (IPVH00010; Sigma, MO, USA). The membranes 
were blocked in 5% nonfat milk in PBST (E-1004; SLCY, 
Beijing, China) for 1.5 h at 37 °C and incubated with pri-
mary antibodies overnight at 4 °C. Then, appropriate sec-
ondary antibodies were incubated with the membranes 
for 1 h at 37 °C. β-actin was used for normalization of 
band intensities. Immunoreactivity band analysis was 
performed using an enhanced chemiluminescence (ECL) 
reagent (CW0049; CWBIO, Beijing, China), and bands 
were detected using a chemiluminescence system (5200; 
Tanon Science & Technology Co., Ltd., Shanghai, China). 
The primary antibodies used are listed in Supplementary 
Table 2.

Enzyme‑linked immunosorbent assay (ELISA)
The concentrations of GABABR in intestinal tissues were 
determined by using commercial ELISA quantitative kits 
(JL51460-48T; J&l Biological, Shanghai, China) according 
to the manufacturer’s protocol.

Immunofluorescence assays
Intestinal tissues were harvested, fecal pellets were 
flushed with PBS, and tissues were fixed with 4% PFA at 
4 °C overnight. The MP was separated by stereomicros-
copy (TP60; Beijing Tuopu Analytical Instruments Co., 
Ltd., Beijing, China). The tissues were permeabilized 
with 1% Triton X-100 at 37 °C for 2 h and then blocked 
with 5% donkey serum at 37 °C for 1 h. Double labeling 
was performed with goat anti-GFAP (1:1000; NB100-
53809; Novus, CO, USA) and rabbit anti-S100β (1:100; 
ab115803; Abcam, MA, USA) for 48 h at 4 °C. After 
incubation with primary antibodies, the samples were 
incubated for 24 h at 4 °C with biotin-SP (long spacer) 
affiniPure donkey anti-goat IgG (1:100; 705-065-147; 
Jackson, PA, USA). Then, the samples were incubated 
with AlexaFluor 594-conjugated streptavidin (1:200; 
S11227; Invitrogen, CA, USA) and AlexaFluor 488-con-
jugated antibody against rabbit IgG (1:100; A11034; Invit-
rogen, CA, USA) for 24 h at 4 °C. For mucosal layer single 
immunofluorescence, 40 μm–thick tissue sections were 
processed and incubated with GFAP and S100β and then 
loaded in biotin-SP (long spacer) affiniPure donkey anti-
goat IgG and biotin-SP (long spacer) affiniPure donkey 
anti-rabbit IgG (1:100; 711-065-152; Jackson, PA, USA). 
Samples were subjected to Alexa Fluor 488-conjugated 
streptavidin (1:200; S11223; Invitrogen, CA, USA). Nuclei 

were stained in the MP and tissue sections using DAPI 
(0100-20; SouthernBiotech, AL, USA). The negative con-
trol was subjected to the same procedure except that the 
primary antibodies were substituted with PBS. Labeled 
myenteric plexuses and tissue sections were visualized 
by a confocal laser-scanning microscope (TCSSP8; Leica, 
Wetzlar, Germany) to capture fluorescence images. Three 
slices were randomly selected for each group (five regions 
per slice, 6.25 μm × 6.25 μm) to calculate the number of 
positive cells.

CFU Counting of Infected EGCs
To assess intracellular bacterial viability, the cells were 
infected with ETECK88 for 3 or 6 h. The cells were sub-
sequently washed three times with PBS and cultured in 
DMEM supplemented with 50 μg/mL gentamicin for 1 h 
to eliminate extracellular bacteria. Then, the medium was 
replaced with 0.2% Triton X-100 to release intracellular 
bacteria. Thereafter, bacteria were harvested and inocu-
lated onto LB agar plates, and colonies were counted at 
24 h [28].

Tandem pCMV‑mCherry‑GFP‑LC3B transfection
EGCs were grown on 48-well plates until they reached 
60%–70% confluence and then transfected with the 
pCMV-mCherry-GFP-LC3B plasmid using Lipo8000TM 
(C0533; Beyotime, Shanghai, China) for 24 h. After infec-
tion with the ETECK88 strain following the procedure, 
the cells were fixed with 4% PFA and imaged with a con-
focal laser-scanning microscope. The pCMV-mCherry-
GFP-LC3B protein exhibited both red (mCherry) and 
green (GFP) fluorescence at neutral pH. The acidic envi-
ronment of the lysosome causes quenching of the GFP 
signal, whereas the mCherry signal is more stable. Thus, 
the yellow (red + green) and red-only puncta represent the 
formation of autophagosomes and autolysosomes, respec-
tively. The number of yellow and red dots per cell was 
counted under a confocal microscope (>20 cells/group).

Interactions between bacteria and autophagosomes
To assess the autophagic flux status in response to 
ETEC infection, a tandem pEGFP-LC3B plasmid was 
transfected into EGCs for 24 h. After infection with 
ETECK88-mCherry strains following the procedure, the 
cells were fixed with 4% PFA and imaged with a confocal 
laser-scanning microscope to visualize the combination 
of ETECK88-mCherry-autophagosomes.

Plasmid construction
The DNA fragment corresponding to the coding sequence 
of the MyD88 gene was amplified by PCR and subcloned 
and inserted into the pLV3-U6-MCS-shRNA-EF1a-
CopGFP-Puro vector (P29436; Lanjieke Biotechnology 
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Co., Ltd., Haerbin, China) between the EcoRI and BamHI 
sites to construct the pLV3-U6-MyD88-shRNA CopGFp-
Puro. The plasmid constructs were sequenced by Sangon 
Biotech Co., Ltd. (Shanghai, China) to verify 100% corre-
spondence with the original sequence.

shRNA transduction
EGCs were seeded in 6-well culture dishes at a density 
of 3 × 105 cells/well. After incubation for 24 h, the cells 
were transfected with the pLV3-U6-MyD88-shRNA 
CopGFp-Puro plasmid using PEI transfection reagent 
(24765; Polysciences, PA, USA) according to the manu-
facturer’s instructions. Gene silencing efficiency was 
examined by WB after 48 h of transfection.

16S rDNA amplicon sequencing of intestinal microbiota
The diversity of the intestinal microbiota was evaluated 
by Biomarker Technologies Co., Ltd., Beijing, China, 
using 16S rDNA amplicon sequencing according to a 
previously described method [62]. Content samples 
were freshly collected and stored at −80 °C before use. 
DNA was extracted by the SDS method using univer-
sal primers to amplify the V3-V4 region of 16S rDNA. 
Then, the PCR products were evaluated on an Illumina 
HiSeq platform to evaluate the sequences and analyze 
the data.

Statistical analysis
Two-tailed unpaired t tests were used for comparisons 
of two groups. For comparisons of multiple groups, 
one-way ANOVA was applied, followed by Dunnett’s 
multiple comparisons test. Before analysis, the normal-
ity of the distribution of all the data and the homogene-
ity of variance were checked. The data are shown as the 
mean ± standard error of the mean (SEM). Differences 
were considered significant at * or # p < 0.05, ** or ## p 
< 0.01, *** or ### p < 0.001 (ns: not significant). All the 
statistical tests were carried out with GraphPad Prism 9 
(GraphPad Software, SD, USA).
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