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Background: The transcellular transport of muramyl dipeptide (MDP) mediated by peptide transporter 
(PepT1) involves the translocation into intestinal epithelial cell (IEC) stage and the transport out of IEC 
stage. However, its mechanism has not been fully understood. This study aimed to investigate the pathways 
and mechanisms of MDP transcellular transport in enterogenous infection.
Methods: Firstly, experimental rats were randomly divided into three groups: sham-operation (sham 
group), MDP perfusion (MDP group), and PepT1 competitive inhibition (MDP + Gly-Gly group). Then, 
the overall survival (OS) and intestinal weight were measured in MDP and MDP + Gly-Gly group. HE 
staining was performed to observe the pathological changes of the small intestine. The levels of IL-6,  
IL-1b, IL-8, IL-10, TNF-α, and nitric oxide (NO) in rat serum and small intestine were determined 
by ELISA. To further verify the pathways and mechanisms of MDP transcellular transport from IEC 
in intestinal inflammatory damage, the NFκB inhibitor, PDTC, was used to treated lamina propria 
macrophages in small intestinal mucosa in sham, MDP, and MDP + Gly-Gly groups. Finally, the expression 
of CD80/86 and the antigen presentation of dendritic cells (DCs) were measured by flow cytometry.
Results: MDP infusion was able to induce death, weight loss, and intestinal pathological injury in rats. 
Competitive binding of Gly-Gly to PepT1 effectively inhibited these effects induced by MDP. As well, 
competitive of PepT1 by Gly-Gly inhibited inflammation-related cytokines induced by MDP in rat serum 
and small intestine. Furthermore, we also found that MDP transported by PepT1 contributes to activation 
of macrophages and antigen presentation of DCs.
Conclusions: PepT1-NFκB signal is pivotal for activation of intestinal inflammatory response and MDP 
transcellular transport.
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Introduction

Intestinal infection is one of the leading causes of death 
in patients with severe trauma/burns, major surgery, 
hemorrhagic shock, and severe acute pancreatitis (1). 

Under the above pathological conditions, intestinal bacteria 

invades peripheral blood through the damaged intestinal 

mucosa and further leads to bacterial translocation, which 

can induce systemic inflammatory responses, sepsis, 
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and multiple-organ dysfunction syndrome (MODS) 
(2,3). The intestinal barriers mainly consist of intestinal 
epithelial barrier, intestinal microbial barrier, and mucosal 
immune barrier (4). The translocation of bacteria and its 
products through the intestinal barrier were as follows: 
(I) breakthrough of the tight junction of the paracellular 
pathway; (II) increase of intestinal mucosal permeability 
due to apoptosis of intestinal epithelial cells (IECs) (5,6). 
Although there is a certain understanding of intestinal 
bacterial translocation, it is not fully clear how these 
bacteria pass through complex intestinal barriers to form 
bacterial translocation (7).

The bacterial products can be transported into the 
intestinal epithelium via epithelial cell peptide transporter 
(PepT1) (8). In vivo and in vitro studies have shown 
that PepT1 mediates the transport of N-formylated 
inflammatory peptides, such as N-formylmethionyl, 
leucyl ,  and phenylalanine,  which f inal ly  induces 
inflammation in the intestine (9,10). Also, the ulcerative 
colitis and Crohn’s disease can induce the PepT1 
expression in the colon (11). The mechanism may be 
that alteration of intestinal flora promotes the excessive 
secretion of inflammatory peptides, which induce the 
ectopic expression of PepT1 as a substrate of PepT1. 
N-Formyl-Met-Leu-Phe ( fMLP) i s  a  neutrophi l 
chemotactic peptide that can induce leukocyte chemotaxis 
and macrophage activation (12). Higher levels of fMLP 
transported by PepT1 can lead to large number of 
neutrophil aggregation, resulting in intestinal mucosal 
damage (13). However, fMLP is mainly a product of 
Escherichia coli, and it is not clear whether other bacterial 
products will cause intestinal damage through PepT1.

Muramyl dipeptide (MDP) is the decomposition 
product of Gram-negative and Gram-positive bacterial 
peptidoglycan, which is released during the growth and 
division of bacteria (14). Our previous study has confirmed 
that MDP-induced intestinal injury begins with the 
transcellular pathway mediated by PepT1 (15). MDP 
entering the IECs results in inflammatory damage through 
its effect on the nucleotide-binding oligomerization domain 
(NOD) and further activates inflammatory amplification 
signals (16,17). After entering the IECs mediated by 
PepT1, the bacterial products can be transported out 
of the IECs through the velocity limiting transporter of 
the basement membrane, which may lead to systemic 
inflammatory responses (18). But, the subsequent action 
of MDP after being transported out of IECs still remains 

unclear. We speculated that it may activate mucosal lamina 
propria immune cells or enter peripheral blood circulation. 
Chamaillard et al. reported that PepT1 could be expressed 
on the surface of mammalian immune cells (19). After 
exposure to bacterial product, MDP, the expression level of 
NOD2 mRNA was significantly increased in neutrophils, 
macrophages, and peripheral blood mononuclear cells, and 
further promoted the expression of major histocompatibility 
complex 1 (MHC1) in macrophages (20). In short, these 
results not only indicate that MDP may activate immune 
responses through PepT1/NOD pathway, but also 
suggest that bacterial products have the potential to cause 
inflammatory amplification and systemic inflammatory 
responses after transcellular translocation. As a result of 
these findings, in this study, we attempted to explore the 
effects and mechanisms of MDP translocation in small 
intestinal cell, and further revealed the pathways of MDP 
translocation out of IECs.

Methods

Experimental animals

Eighty female Sprague Dawley rats weighing 250–300 g  
were purchased from Shanghai Experimental Animal 
Center of Chinese Academy of Sciences (Shanghai, China) 
and were housed under SPF conditions. Rats were provided 
with adequate food and water, fasting for 1 day before 
the experiment. The animals were treated in accordance 
with the Institute of Laboratory Animal Science standards 
concerning the care and use of laboratory animals, and the 
study protocol was approved by Animal Ethical Committee 
of Zhongshan Hospital, Fudan University (2018-046). 
During the experiment, the rats were randomly divided 
into three groups: sham-operation (sham group), MDP 
infusion (MDP group), and PepT1 competitive inhibition 
(MDP-Gly-Gly group), and the detail was described by 
our previous study (15). The primary outcome was overall 
survival (OS) and intestinal weight.

Hematoxylin and eosin (HE) staining

The small intestine tissues (1–2 cm) were fixed in 4% 
paraformaldehyde for 24 h and embedded in paraffin. Then, 
5 µm thickness of paraffin sections were stained with HE 
(Beyotime, C0105). Five high-power fields (HPF)/section 
were randomly selected to observe the pathological changes 
of the small intestine in each group.
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Enzyme-linked immunosorbent assay (ELISA)

Blood samples were collected from the rats. Then, the 
blood samples were centrifuged for 15 min (2,000 rpm). 
Serum levels of IL-6, IL-1b, IL-8, IL-10, TNF-α, and 
nitric oxide (NO) were measured by ELISA (DAKEWE) 
according to the manufacturer’s instructions.

The small intestinal mucosa was scraped and homogenized 
at 4 ℃ for 30 min. The expression levels of IL-6, IL-1b, IL-
8, IL-10, TNF-α, and NO in rat small intestinal mucosa 
were measured by ELISA (DAKEWE) according to the 
manufacturer’s instructions.

Isolation of lamina propria macrophages

Immersing small intestinal mucosa in 75% ethanol. Then, 
immersing them with PBS for 5 min and leaving them 
in Dulbecco’s Modified Eagle Medium (DMEM, 4 ℃). 
The samples were centrifuged for 5 min (500 rpm) and 
were suspended with complete medium. Next, adding 
macrophage colony-stimulating factor (MCSF) (20 ng/mL,  
Jianglai Biological Technology) and changing medium 
with MCSF every 3 days. The mucosal lamina propria 
macrophages were ready for the following experiment at the 
6th day. The NFκB inhibitor, PDTC, was purchased from 
Beyotime (S1809).

Flow cytometry

The expression levels of CD80/86 on the surface of 
dendritic cells (DCs) and the antigen presentation of 
DCs were measured by flow cytometry (CytoFLEX LX, 
BECKMAN).

Statistical analysis

All statistical analyses were carried out using IBM SPSS 
Statistics 21. The differences between each group were 
analyzed by one-way analysis of variance (ANOVA). It was 
considered to be statistically significant when P<0.05.

Results

PepT1 mediated MDP transport induces small intestinal 
pathological injury

First, we found that MDP infusion was able to time-
dependently induce death and intestinal weight loss of rats. 
Then, according to the characteristics of transport peptides 

of PepT1, we used dipeptide Gly-Gly to competitively 
inhibit the transport of MDP. The results showed that Gly-
Gly had significant protective effects on MDP-induced 
death and intestinal weight loss of rats, indicating that 
MDP transport is mediated by PepT1 (Figure 1A,B). By 
histologic analysis, we found that the small intestine in 
MDP group was characterized by structural disorganization 
and numerous inflammatory cell infiltration, exudation, 
and bleeding. But, compared with the MDP group, the 
histopathological changes in the group MDP + Gly-Gly 
(competition inhibition of PepT1 group) were significantly 
alleviated (Figure 1C). The histological results proved that 
MDP-induced structural damages of intestine were through 
PepT1 mediated transport, which validated the mechanism 
of MDP toxicity in rat model, and we carried out the 
following experiments on the verified model.

Expression levels of serum IL-6, IL-1b, IL-8, IL-10, 
TNF-α, and NO

We detected the inflammation-related factors in serum of 
the rats. As shown in Figure 2, compared to the sham group, 
the expression levels of IL-6, IL-1b, IL-8, IL-10, TNF-α, 
and NO in rat serum were significantly higher in MDP 
group. However, competitive binding of Gly-Gly to PepT1 
effectively inhibited these inflammation-related cytokines 
induced by MDP. The levels of IL-6, IL-8 and TNF-α 
were as quality controls of the detection, of which the 
trends were in line with the published data. Moreover, the 
expression level of IL-6 had the largest difference in MDP 
+ Gly-Gly group compare with the MDP group, while the 
anti-inflammatory cytokine IL-10 had a lower difference.

Expression levels of IL-6, IL-1b, IL-8, IL-10, TNF-α, and 
NO in rat small intestinal mucosa

As shown in Figure 3, MDP could induce higher levels of 
inflammatory cytokines IL-6, IL-1b, IL-8, IL-10, TNF-α, 
and NO in rat small intestinal mucosa compared to the 
sham-operated group. But, the competitive inhibition of 
PepT1 by Gly-Gly significantly reduced the expression levels 
of IL-6, IL-1b, IL-8, IL-10, TNF-α, and NO induced by 
MDP in rat small intestine. These suppressive effects were 
generally weaker than those in serum, and the cytokine levels 
in rat small intestine were also lower than those in rat serum. 
In addition, competitive binding of Gly-Gly to PepT1 even 
had a promoting effect on anti-inflammatory cytokine IL-10. 
The overall results are consistent with the results in Figure 2.
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Figure 1 PepT1 mediated MDP transport induces small intestinal pathological injury. (A) The survival in each group was assessed in MDP 
and MDP + Gly-Gly groups. (B) The intestinal weight was measured at the 1st, 2nd, 3rd, 4th, 5th, 6th, and 7th day in MDP and MDP 
+ Gly-Gly groups. (C) HE staining of small intestine in each group. 100× magnification. PepT1, peptide transporter; MDP, muramyl 
dipeptide; HE, hematoxylin and eosin.

MDP transported by PepT1 contributes to activation of 
macrophages and antigen presentation of DCs

Next, in order to confirm the relationship between MDP 
and immune cells, ELISA was performed to determine 
the expression levels of related immune molecules on the 
surface of macrophages isolated from mice. As shown in 
Figure 4A, IL-6, TNF-α, and NO were highly expressed 
after MDP infusion in macrophages. Then, we found that 
Gly-Gly could inhibit MDP-induced activation of IL-6, 
TNF-α, and NO in macrophages, suggesting that MDP 
transcellular translocation out of IECs was mediated by 
PepT1, and it was able to activate immune cells. Notably, 
the results also indicated that the effect of Gly-Gly 

competitive inhibition of PepT1 on macrophage activation 
and cytokine secretion induced by MDP could be simulated 
by NFκB inhibitor PDTC. Furthermore, the results 
from flow cytometry indicated that MDP promoted the 
expression levels of CD80 and CD86 in DCs compared to 
the sham-operated group. But, the competitive inhibition 
of PepT1 by Gly-Gly significantly decreased the expression 
levels of CD80/86 induced by MDP and suppressed the 
antigen presenting ability in rat DCs (Figure 4B,C).

Discussion

When bacteria and their products invade or contact the 
body, the host cells can recognize the pathogen-associated 
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Figure 2 The expression levels of serum IL-6, IL-1b, IL-8, IL-10, TNF-α, and NO were measured by ELISA. *P<0.05, **P<0.01 versus 
sham group; #P<0.05 versus MDP group. NO, nitric oxide; ELISA, enzyme-linked immunosorbent assay; MDP, muramyl dipeptide.

Figure 3 The expression levels of IL-6, IL-1b, IL-8, IL-10, TNF-α, and NO in rat small intestinal mucosa were measured by ELISA. 
*P<0.05, **P<0.01 versus sham group; #P<0.05 versus MDP group. NO, nitric oxide; ELISA, enzyme-linked immunosorbent assay; MDP, 
muramyl dipeptide.
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molecular pattern (PAMP) through the pattern recognition 
receptor (PRR) (21). Activation of the downstream signals of 
PRR causes protective responses against infection, including 
releasing inflammatory cytokines, recruiting phagocytes, 
and DCs to mediate immune responses (22). The family of 
NOD proteins is an important intracellular PRR, and it is 
contained in IECs and immune cells. NOD1 and NOD2 
are two representative receptor proteins in this family (23). 
MDP is a widespread bacterial product produced by all 
Gram-negative and positive bacteria. It is the smallest active 
peptidoglycan motif in cells and the ligand for NOD2 (24). 
MDP transported by PepT1 can induce the activation of 
NFκB by NOD2, which in turn initiates the expression 
of related genes involved in the innate immune response 
and the release of inflammatory factors. MDP also cause 
inflammatory bowel disease through a NOD2-dependent 
signal response (16).

The transcellular transport of bacterial products 
mediated by PepT1 is divided into two phases: (I) the 
translocation of bacterial products into IECs; and (II) the 
transport of bacterial products out of IECs (25,26). In the 
present study, according to the characteristics of transport 
peptides of PepT1, Gly-Gly was used to competitively 
inhibit the functions of PepT1 after MDP infusion. The 
results indicated that the inflammatory injuries of small 
intestine induced by MDP were significantly eased after 
PepT1 was inhibited. As well, the competitive binding of 
Gly-Gly to PepT1 effectively decreased the expression 
levels of IL-6, IL-1b, IL-8, IL-10, and NO in rat serum 
and small intestine, indicating that MDP-induced small 
intestinal tissue injury and inflammatory response were 
mediated by PepT1.

Next, we continued to explore the pathways and 
mechanisms of PepT1-mediated transcellular translocation 

Figure 4 MDP transported by PepT1 contributes to activation of macrophages and antigen presentation of DCs. (A) The expression levels 
of serum IL-6, TNF-α, and NO in rat macrophages were measured by ELISA. *P<0.05, **P<0.01 versus MDP-Blank; ##P<0.01 versus 
MDP-Blank. (B) The expression levels of CD80 and CD86 in rat DCs were measured by flow cytometry. (C) The antigen presentation of 
rat DCs were measured by flow cytometry. MDP, muramyl dipeptide; PepT1, peptide transporter; DC, dendritic cell; NO, nitric oxide.
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of MDP across IECs. Inflammation is a reaction against 
invading bacteria. The bacteria that invade the intestine 
are transported to the lymphoid follicles. Inflammation 
is a response to invading bacteria, which is transported to 
the lymphatic follicles, where macrophages and DCs have 
membrane receptors that bind to the surface components of 
the bacteria and further internalize the bacteria (27). This 
is the body’s first line of defense against pathogens. These 
immune cells release cytokines to mobilize more phagocytes 
and effector molecules to the site of infection and induce 
inflammatory response (28). Inflammatory factors include 
IL-6, IL-1, IL-8 and TNF-α. IL-1 also plays a role in 
tissue repair, and IL-6 can induce the production of anti-
inflammatory proteins. The anti-inflammatory cytokines 
are IL-4 and IL-10. Macrophages are the main source of 
cytokines. Additionally, macrophages and neutrophils can 
initiate the synthesis of NO under cytokine stimulation (29).  
Yang et al. found that MDP has the functions of activating 
macrophages and promoting the production of IL-1, IL-2, 
and TNF-α, non-specifically enhancing the body immune 
functions (30). The present study revealed that PepT1 was 
able to mediate the interaction of MDP and macrophages. 
Importantly, our data also indicated that the effect of Gly-
Gly competitive inhibition of PepT1 on macrophage 
activation and cytokine secretion induced by MDP could 
be simulated by NFκB inhibitor PDTC. Collectively, these 
results suggest that macrophages can be activated during 
transcellular transport of MDP out of IECs. In addition, 
the PepT1-NFκB signaling pathway may play a pivotal 
role in activation of intestinal inflammatory responses 
and the transport of MDP out of IECs. DCs, as the most 
effective antigen presenting cells (APCs), involve in the 
initiation of adaptive immune response. After DCs are 
activated, the expression of MHC molecules on the cell 
surface is enhanced, and cytokines such as IL-1, IL-6 and 
IL-12 are secreted. As a result, the antigen presentation 
ability will be enhanced (31). Finally, our study found that 
MDP transported by PepT1 promoted the expression 
of membrane molecules CD80 and CD86 and enhanced 
antigen presentation of DCs.

In conclusion, our results indicated that PepT1-NFκB 
signal is pivotal for activation of intestinal inflammatory 
response and MDP transcellular transport.
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