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Abstract
Background Acute lung injury (ALI) is the most common complication and one of the leading causes of mortality of severe 
acute pancreatitis (SAP). Nevertheless, no effective therapeutic schemes are presently available.
Aims To investigate the effect and potential mechanism of mesenteric lymph duct ligation (MLDL) on experimental SAP-
induced ALI.
Methods Immediately following MLDL, rats were subjected to SAP by retrograde injection of 5% sodium taurocholate into 
the biliopancreatic duct. At 24 h after modeling, tissues were collected for morphological examination. The levels of TNF-
α, IL-6, intercellular adhesion molecule-1 (ICAM1), diamine oxidase (DAO), and D-lactic acid (D-LA) in serum, and the 
myeloperoxidase (MPO) activity in lung tissues were determined. Moreover, the expressions of high mobility group box 1 
(HMGB1), receptor of advanced glycation endproducts (RAGE), and NF-κB p65 at the mRNA and protein levels in lung 
tissues, and the expressions of HMGB1, RAGE, and TNF-α at the mRNA level in intestinal lymphoid tissues were evaluated.
Results MLDL significantly attenuated the histological injury of the pancreas and lung and reduced the production of TNF-α, 
IL-6, and ICAM1. Besides, MLDL repressed the activity of MPO in the lung. However, the levels of serum DAO and D-
LA were decreased without obvious morphological improvement in intestinal injury. Moreover, MLDL apparently reduced 
the up-regulation of HMGB1, RAGE, and NF-κB p65 in lung tissues, as well as the expressions of HMGB1, RAGE, and 
TNF-α in intestinal lymphoid tissues.
Conclusions Mesenteric lymph was a source of harmful factors leading to SAP-ALI. MLDL could alleviate SAP-ALI prob-
ably by inhibiting HMGB1-induced production of inflammation factors.
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Introduction

Acute pancreatitis (AP) is a common inflammatory disease 
caused by multiple factors, which can result in an approxi-
mately 35% mortality when progressing into severe acute 

pancreatitis (SAP) [1, 2]. SAP is characterized by systemic 
inflammatory responses (SIRS) and multiple organ dysfunc-
tion syndromes (MODS). The lung is the most susceptible 
organ to inflammation, and acute lung injury (ALI) is the 
most common remote organ damage occurring in at least 
10–25% SAP cases [3, 4], which may develop into MODS 
and is responsible for 30–40% SAP-associated deaths 
[5–7]. Despite the prevalence of ALI and its key contribu-
tion to SAP, no effective therapeutic schemes are presently 
available.

It is now well established that the intestinal barrier of 
SAP patients is often damaged, allowing intestinal bacte-
ria and endotoxins to invade the blood circulation, which 
subsequently leads to clinical worsening, including MODS 
or even death [8]. It is also worth noting that despite the 
sequence of organ failure in MODS may vary, the lung is 
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the commonest organ in organ failure and generally the 
first one to fail clinically in SAP [9, 10]. However, mecha-
nisms underlying the injured intestine and lung remain not 
fully understood.

In recent years, researchers have pay attention to mes-
enteric lymph, which follows a direct anatomical path 
between the gut and bloodstream. Mesenteric lymph con-
tinuously drains from the mesenteric lymphatics to the 
thoracic duct, subsequently merging with the blood circu-
lation in the left subclavian vein. Thence, the lung is the 
first capillary bed encountering mesenteric lymph and the 
first organ in contact with gut-derived products drained by 
mesenteric lymph [11]. The anatomic basis partly explains 
the clinical observation that the lung is generally the first 
organ to fail in some critical illnesses. In experimental 
models of hemorrhagic shock and trauma, interrupting 
the flow of mesenteric lymph into systemic circulation 
by selective mesenteric lymph duct ligation (MLDL) or 
mesenteric lymph drainage offers some protective effects 
against organ failure [12–14], especially respiratory dys-
function [15, 16], suggesting that factors released from the 
injured intestine and carried in the mesenteric lymph sig-
nificantly contribute to the development of organ dysfunc-
tion. Therefore, identifying and blocking the translocation 
of gut-derived toxic mediators through mesenteric lymph 
seems to be a tempting strategy for future therapeutics of 
ALI.

The release of inflammatory mediators plays a key role 
in the pathogenesis of ALI. Though several mediators, such 
as TNF-α, IL-1β, and IL-6, have been frequently investi-
gated, the other mediators that also play a prominent role in 
inflammation, such as high mobility group box 1 (HMGB1), 
have not been fully elucidated. HMGB1 is a highly con-
served, nuclear protein present in all cell types that can be 
actively secreted into extracellular spaces in response to 
external stimuli, or passively released from necrotic cells 
[17]. Advanced glycation endproducts (RAGE) have been 
fully confirmed to act as one of the main HMGB1 recep-
tors [17]. Once HMGB1 binds to RAGE, the intracellular 
signal transduction, such as NF-κB pathways, will be pro-
moted, which will trigger the release of various cytokines, 
such as TNF-α, IL-1β, and IL-6, leading to increased tis-
sue injury and organ dysfunction [18, 19]. As an important 
pro-inflammatory mediator, HMGB1 has been associated 
with the onset and progression of a wide range of disorders, 
including ALI [20]. It also has been previously reported that 
the circulating HMGB1 level is significantly increased in 
SAP patients within 72 h after the disease onset, and it is 
correlated with the disease severity [21, 22]. In experimental 
SAP animals, serum, and pancreatic tissues, the HMGB1 
level is increased at 6–12 h after model establishment [23, 
24], indicating the proinflammatory role of HMGB1 in the 
progression of SAP.

In the present study, we explored whether blocking the 
flow of mesenteric lymph into systemic circulation by 
MLDL could protect lung tissue against HMGB1-mediated 
inflammatory injury. Collectively, our findings provided 
valuable insights into new treatment options of SAP-ALI.

Materials and Methods

All the experimental protocols were approved by the Com-
mittee on Ethics of Animal Experiments of Shanghai Uni-
versity of Traditional Chinese Medicine, and animal-related 
experiments were carried out following the principles out-
lined in the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals.

Animals

A total of 45 healthy Sprague–Dawley rats (male, 8 weeks 
old, 200 ± 20 g) were purchased from Shanghai SLAC Labo-
ratory Animal Co., Ltd. (China) and housed in an environ-
mentally controlled room at 20 ± 2 °C with a relative humid-
ity of 45–65% under a 12:12-h light/dark cycle. All animals 
were given free access to standard laboratory food and water 
for 1 week.

Modeling and Grouping

The rats were randomly allocated into three groups (n = 15 
per group) as follows: the sham operation group (SO), the 
SAP group (SAP), and the MLDL group (MLDL). Rats were 
anesthetized with 2.0% pentobarbital sodium (2 mL/kg, Sin-
opharm Chemical Reagent Co., Ltd., China, WS20171129) 
in an induction chamber following 12-h fasting. Subse-
quently, the pancreas was exposed along a midline inci-
sion, and the biliopancreatic duct was cannulated through 
the duodenum. The hepatic duct was temporarily closed by 
a microvascular clamp. The SAP model was induced by a 
standard retrograde infusion of 5.0% sodium taurocholate 
(STC, Sigma, St. Louis, MO, USA, CAS145-42-6) solution 
(1 mg/kg) at a constant rate of 12 mL/h using an infusion 
pump into the bile-pancreatic duct. After this procedure, the 
pancreas was carefully put back in place, and the abdomen 
was closed. In the SO group, rats received sham operation, 
meaning that the pancreas was only flipped instead of STC 
infusion. In the MLDL group, the mesenteric lymph ducts 
were ligated before modeling. For MLDL, the rats were 
anesthetized, and then a long midline incision was made. 
The efferent mesenteric lymphatic vessel, which lies adja-
cent to the superior mesenteric artery (SMA), was identi-
fied by reflecting the loops of the intestine to the left of 
the animal with moist gauze swabs. Next, the mesenteric 
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lymphatic duct was isolated and double ligated with a 5–0 
silk tie to ensure that the mesenteric lymph was completely 
blocked. The rats were then subjected to SAP modeling as 
described above.

Sample Collection

At 24 h after SAP modeling, the rats were anesthetized by 
intraperitoneal injection of 2.0% pentobarbital sodium, 
and the chests were opened quickly. Blood samples were 
obtained from the abdominal aorta, followed by centrifu-
gation at 1200g for 15 min at 4 °C. The serum was cryo-
preserved at − 80 °C. Next, the rats were euthanized under 
anesthesia. Pancreatic, pulmonary, and terminal ileum tis-
sues, as well as mesenteric lymph tissues, were harvested 
and preprocessed for the following experiments.

Histopathology Analysis

Pancreatic heads, the right upper lung, and terminal ileum 
tissues were harvested, trimmed, and fixed in 4% neutral 
buffered paraformaldehyde overnight. The fixed tissue speci-
mens were embedded in paraffin, sequentially sliced into 
4-μm sections, and then stained with hematoxylin and eosin 
(H&E) solution. For all groups, histological sections were 
graded by two experienced pathologists who were blind 
to the experimental protocol under a light microscope at 
200 × magnification. The severity of the pancreatic, lung 
and intestinal injury was then evaluated as previously 
described by Kubisch [25], Imanaka [26], and Crissinger 
[27]. Finally, the total histopathology scores were calculated 
and compared.

Analysis of Myeloperoxidase (MPO) in Lung Samples

Lung tissue samples were thawed, homogenized in 20 mM 
phosphate-buffered saline (PBS) (pH = 7.4), and centrifuged 
at 1200g for 20 min at 4 °C. The supernatant was assayed 
for MPO activity using enzyme-linked immunosorbent assay 
(ELISA) kits (Nanjing Jiancheng, China). All procedures 
were conducted according to the manufacturer’s instructions.

Measurement of Biochemical Indexes in Serum

The concentrations of serum TNF-α, IL-6, ICAM1, DAO, 
and D-LA were determined using commercially available 
ELISA kits (Nanjing Jiancheng, China) according to the 
manufacturer’s instructions. Plates were read using a micro-
plate reader (Multiskan MK3, Finland) at a wavelength of 
450 nm.

Real‑Time PCR (RT‑PCR)

Total RNA was extracted with TRIZOL reagent (Invitro-
gen, Carlsbad, CA, USA) and reversely transcribed into 
cDNA. RT-PCR was performed using an ABI7500 Fast 
Real-time PCR machine. Briefly, the amplifications were 
carried out with 40 cycles at a melting temperature of 
95 °C for 3 s and an annealing temperature of 60 °C for 
30 s. The specific primers were designed and synthesized 
by Sangon Biotech (Shanghai, China), and the primer 
sequences were as follows: HMGB1, forward 5ʹ- CGC 
GGA GGA AAA TCA ACT AA-3ʹ and reverse 5ʹ-GGG TGC 
TTC TTC TTG TGC TC-3ʹ; RAGE forward: 5ʹ-AGG AAC 
GTG CAG AGC TGA AT-3ʹ, reverse 5ʹ-AGA AAG TGG CTC 
GAG GTT GA-3ʹ; NF-κB p65 forward: 5ʹ-GCG TTT CCG 
TTA CAA GTG CG-3ʹ, reverse 5ʹ- GTG CGT CTT AGT GGT 
ATC TGTGC-3ʹ; TNF-αforward: 5ʹ-TGC CTC AGC CTC 
TTC TCA TT-3ʹ, reverse 5ʹ-CCC ATT TGG GAA CTT CTC 
CT-3ʹ; β‐actin forward: 5ʹ-AGC CAT GTA CGT AGC CAT 
CC-3ʹ, reverse: 5ʹ-ACC CTC ATA GAT GGG CAC AG-3ʹ. 
The relative expressions of target genes were calculated 
by the 2−ΔΔCt method.

Western Blotting Analysis

Total proteins were extracted from the lung tissues using 
a whole protein extraction kit (KeyGen Biotech Co., Ltd., 
Nanjing, China), and a BCA protein assay kit (Thermo, 
USA, PICPI23223) was adopted to determine the pro-
tein concentration. Briefly, equal amounts of proteins 
(50 μg) were subjected to SDS-PAGE on 10% gels and 
then transferred onto a polyvinylidene fluoride membrane. 
The membranes were blocked with 5% skimmed milk in 
Tris-buffered saline (TBS) buffer at room temperature for 
1 h and then incubated with primary antibodies (HMGB1 
1:1000, RAGE 1:800, NF-kB p65 1:1000, GAPDH 
1:1500, H3 1:1500) overnight at 4 °C. HMGB1, RAGE, 
and NF-kB p65 were purchased from Abcam (Cambridge, 
UK, Ab18256, Ab3611, Ab16502). GAPDH, and H3 were 
purchased from Cell Signaling Technology (MA, USA, 
#5471, # 8173). After rinsing with TBS-T (10 min × 3), 
the membranes were incubated with an HRP-conjugated 
anti-rabbit antibody (1:1000, Beyotime, Shanghai, China, 
Ab18256) at room temperature for 1 h. Finally, the mem-
branes were washed three times, and the immunoreactive 
bands were visualized using ECL Plus (Life Technology 
Corporation, Gaithersburg, MD, USA) with a ChemiDoc 
XRS bioimaging system (Bio-Rad Laboratories, Inc., Her-
cules, CA, USA).
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Statistical Analysis

All values were expressed as the mean ± SEM. The statis-
tical analysis was performed using a one-way analysis of 
variance (ANOVA) by GraphPad Prism 7.0 software. A 
value of p < 0.05 was considered statistically significant.

Results

Impacts of MLDL on STC‑Induced Pancreatic Injury

Representative histopathological changes of pancreatic tis-
sues were obtained from rats of different groups. Figure 1a 
shows that in the SO group, the histological examination 
revealed a normal architecture without obvious alteration 
in tissue morphology. However, the pancreas of SAP rats 
exhibited characteristic pathological alterations, such as 
inflammatory cell infiltration, focal necrosis, interstitial 
edema, and hemorrhage. The MLDL group exhibited rela-
tively mild pathological injury, which manifested as a more 
integrated lobule structure and mild edema with infiltration 
of fewer inflammatory cells. The pancreatic pathological 
score of the SAP group was significantly higher compared 
with the SO group (p < 0.001). Figure 1b shows that there 
was a significant reduction in the pancreatic pathological 

score in rats pretreated with MLDL compared with SAP 
rats (p < 0.05).

Impacts of MLDL on SAP‑Associated Lung Injury

We also evaluated the severity of lung injury associated 
with SAP. Lung tissues from the SO group exhibited normal 
structures without histological modifications under a light 
microscope (Fig. 2a). However, lung tissues from the SAP 
group showed severe histologic lesions, including a wide-
spread increase in alveolar wall thickness caused by edema, 
pulmonary interstitial hyperemia, hemorrhage, and apparent 
infiltration of inflammatory cells, indicating that the ALI 
model was successfully induced by SAP. However, the lung 
tissues of MLDL rats showed reduced interstitial edema and 
decreased infiltration of inflammatory cells compared with 
SAP rats. Besides, there were significant differences in the 
pathological score between the SAP group and the SO group 
(p < 0.001), as well as between the MLDL group and the 
SAP group (p < 0.05; Fig. 2b).

Next, we assessed the severity of inflammation by meas-
uring the lung MPO activity, which was detected as an indi-
cator of neutrophil sequestration into the tissues. In the pre-
sent study, the lung MPO activity was low in the SO group, 
and it was significantly increased at 24 h after the induction 
of SAP (p < 0.001). Rats receiving MLDL demonstrated a 
significant reduction in MPO activity (p < 0.05; Fig. 2c).
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Fig. 1  Impacts of MLDL on STC-induced pancreatic injury. a Images 
of H&E staining, 200 × magnifications of pancreas tissues of each 
experimental group.  b Pathological score of pancreas tissues of each 

experimental group. ***p < 0.001, compared with the SO group; 
#p < 0.05, compared with the SAP group. n = 10–14
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Impacts of MLDL on SAP‑Associated Intestinal Injury

The intestinal mucosa of SO rats showed good morphol-
ogy (Fig. 3a). There were serious injuries in the intestinal 
mucosa of SAP rats. For example, the intestinal mucosa 
showed congestion and edema, the villi became short, shed 
and defected, accompanied by inflammatory cell infiltration. 
However, these histological damages were not significantly 
improved in MLDL rats compared with SAP rats. Consistent 
with the morphological changes of the mucosa, the histo-
logical scores of the SAP group were significantly higher 
compared with the SO group (p < 0.001), while there was 
no significant difference between the SAP and the MLDL 
groups (p > 0.05) (Fig. 3b).

The D-LA and DAO levels were detected to judge the 
degree of the intestinal barrier injury. Figure 3c, d reveals 
that rats in the SO group had the lowest serum D-LA and 
DAO levels. In contrast, the levels of D-LA and DAO in the 
SAP group were markedly higher compared with the SO 
group. Additionally, MLDL intervention could significantly 
reduce the serum D-LA and DAO levels compared with the 
SAP group (p < 0.05).

Impacts of MLDL on the Expressions of HMGB1, 
RAGE, and NF‑κB p65 at the mRNA and Protein 
Levels in Lung Tissues

RT-PCR and Western blotting analysis were performed to 
investigate whether MLDL had any effect on the expres-
sions of HMGB1 and its downstream signaling in the lung 
(Fig. 4a). The results demonstrated that the HMGB1 activity 
was increased in the lung of SAP rats, which could be coun-
teracted by MLDL. Meanwhile, the expression of RAGE at 
the mRNA level in the lung of SAP rats was significantly 
increased, and such an increase could be effectively inhib-
ited by MLDL. Besides, SAP rats also showed an increased 
expression of NF-κB p65 at the mRNA level, and MLDL 
could also inhibit such up-regulation. Moreover, Western 
blotting analysis indicated that the expressions of HMGB1, 
RAGE, and NF-κB p65 at the protein levels in the lung tis-
sue were significantly elevated in the SAP group compared 
with the SO group (p < 0.001). However, Fig. 4c shows 
that the expressions of HMGB1, RAGE, and NF-κB p65 
at the protein level in the MLDL group were significantly 
decreased compared with the SAP group (p < 0.05).
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Fig. 2  Impacts of MLDL on SAP-associated lung injury. a Images of 
H&E staining, 200 × magnifications of lung tissues of each experi-
mental group.  b Pathological score of lung tissues of each experi-

mental group. c MPO activity in lung tissues of each experimental 
group. ***p < 0.001, compared with the SO group; #p < 0.05, com-
pared with the SAP group. n = 10–14
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Impacts of MLDL on the Levels of Inflammatory 
Factors in Serum and Intestinal Lymphoid Tissues

The concentrations of inflammatory factors in serum, includ-
ing TNF-α, IL-6, and ICAM1, were determined by ELISA. 
The serum levels of TNF-α, IL-6, and ICAM1 in the SO 
group were the lowest, while these indices were significantly 
increased in the SAP group (p < 0.001). Compared with the 
SAP group, the levels of the above-mentioned three cytokines 
in the MLDL group were significantly reduced (p < 0.05) 
(Fig. 5a).

Next, we explored whether MLDL affected the expressions 
of HMGB1, RAGE, and TNF-α at the mRNA level in intesti-
nal lymphoid tissues. Figure 5b shows that the expressions of 
HMGB1, RAGE, and TNF-α in the SAP group were all sig-
nificantly increased (p < 0.001) compared with the SO group. 
However, they all distinctly decreased in the MLDL group 
(p < 0.05) compared with the SAP group.

Discussion

ALI is the most common type of organ failure in SAP, and 
it is associated with high mortality. The release of gut-
derived injurious factors into the mesenteric lymph has 
been implicated in the development of ALI [28]. Therefore, 
we preliminarily aimed to explore the effect of blockade 
of mesenteric lymph flow by MLDL on SAP-related ALI. 
Our findings mainly included: (1) during SAP, MLDL could 
alleviate pancreatic and lung injury, but could not improve 
the pathological damage of the intestine; (2) MLDL could 
inhibit the production of inflammatory cytokines, such as 
TNF-α, IL-6, and ICAM1; and (3) the mechanism of MLDL 
underlying the down-regulation of cytokine production and 
against SAP-ALI involved inhibition of HMGB1/RAGE/
NF-κB signaling. Collectively, these findings provided novel 
insights into the roles and mechanisms of mesenteric lymph 
in SAP-ALI.

A

B C D

Fig. 3  Impacts of MLDL on SAP-associated intestinal injury. a 
Images of intestinal tissues H&E staining of each experimental group 
(200 × magnifications).  b Pathological score of intestinal tissues 
of each experimental group. c Serum D-LA levels of each experi-

mental group. d Serum DAO levels of each experimental group. 
***p < 0.001, compared with the SO group; #p < 0.05, compared with 
the SAP group. n = 10–14
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Studies on both animal models and human beings have 
documented that gut permeability is increased shortly after 
the onset of pancreatitis [29–32]. Gut barrier dysfunction 
has been detected in 60% of AP patients [33]. The reces-
sion of intestinal barrier is associated with the development 
of SIRS and MODS, which can be attributed to the trans-
location of bacteria, toxins, and pro-inflammatory factors 
[30]. Therefore, it may be an effective therapeutic regime for 
SAP-ALI, by repairing intestinal barrier and/or reducing the 
spread of injurious factors released from impaired intestine.

It has been well documented that there are two drain-
ing systems in the gut, including portal vein and mes-
enteric lymph ducts [34, 35]. The portal vein had previ-
ously regarded as the major conduit, while a great deal 
of evidence indicates that the mesenteric lymph ducts 
function as an equally critical pathway in the delivery of 
detrimental mediators into the systemic circulation, by 
which the intestine affects distant organs, including the 
lung [36, 37]. Some animal studies have demonstrated that 
the interrupted flow of mesenteric lymph can ameliorate 

the distant organ failure [12, 38]. Experimental studies on 
shock, trauma, burn, as well as ischemia/reperfusion (I/R) 
models all support the concept that lung injury can be pre-
vented by ligation of the mesenteric lymph ducts [36, 39, 
40]. However, its role in SAP-ALI remains largely unex-
plored. Thus, we aimed to assess the impacts and potential 
mechanism of MLDL on experimental SAP-ALI.

First, a preliminary experiment was carried out to 
ensure whether the intestinal mucosal injury could be 
caused by MLDL. We ligated the mesenteric lymph ducts 
of normal rats and compared them with non-ligated rats. 
No obvious morphological changes and inflammatory cell 
infiltration of the intestinal mucosa were observed by H&E 
staining at 24 h after the operation (Fig. S1). This finding 
was consistent with the latest study that blockade of mes-
enteric lymph flow during intestinal I/R does not change 
the neutrophil infiltration in local gut tissues [41]. Never-
theless, it is unclear whether long-term MLDL will cause 
intestinal mucosal damage.

A

C

B

Fig. 4  Impacts of MLDL on the expressions of HMGB1, RAGE, and 
NF-κB p65 at the mRNA and protein levels in lung tissues. a RT-
PCR analysis of HMGB1, RAGE, and NF-κB p65 mRNA expres-
sion in lung tissues. b Western blot results of HMGB1, RAGE, and 

NF-κB p65 protein expression in lung tissues. c Statistical results of 
B scanning densitometry. ***p < 0.001, compared with the SO group; 
#p < 0.05, compared with the SAP group. n = 10–14
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In the present study, the SAP-ALI model was success-
fully established by retrograde injection of 5% STC into the 
biliopancreatic duct and verified by H&E staining. In SAP 
rats, profound pancreatic injury accompanied by severe pul-
monary injury was demonstrated at 24 h after modeling. 
Interestingly, the pathologic damages were alleviated by 
MLDL both in the pancreas and lung, suggesting the pro-
tective effect of MLDL against SAP-ALI.

The histologic changes of the intestine were assessed 
by H&E staining. We found that intestines from the SAP 
rats were severely damaged. However, we failed to iden-
tify significant improvements in the pathological changes in 
the MLDL group. In Anthony’s study, the intestinal injury 
caused by intraperitoneal injection of LPS is also not abro-
gated by MLDL, while the lung injury and neutrophil activa-
tion are reduced [42]. Similar results have been observed in 
He’s study, suggesting that its thoracic duct drainage rather 
than ligation attenuates the intestinal injury, accompanied 
by lung and pancreatic renovation in rats with acute hemor-
rhagic necrotizing pancreatitis (AHNP) [43]. Both our and 
their findings showed that MLDL before SAP modeling 
might have no protective impacts on the gut morphology. 
The lung injury in MLDL + SAP rats might not be attenuated 
through improving gut injury.

DAO and D-LA are two sensitive indicators reflecting 
intestinal mucosal integrity and permeability. Consistent 
with previous results, we also found that the elevated serum 
DAO and D-LA levels were decreased by MLDL [43]. 

Nevertheless, there seemed to be a contradiction that the 
intestinal histopathological damage was not improved, while 
the index reflecting the intestine damage in the blood was 
ameliorated. Since the mesenteric lymph can transport gut-
derived factors into the blood circulation, a reasonable inter-
pretation for such discrepancy might be attributed to MLDL 
partly blocked the access of DAO and D-LA to the blood.

It has also been suggested that ALI commonly involves 
the excessive generation and release of multiple inflamma-
tory cytokines [44]. Therefore, elucidation of the underly-
ing molecular mechanisms associated with inflammation and 
methods featuring anti-inflammatory activity may be ben-
eficial for ALI. HMGB1 binding to RAGE has been shown 
to augment inflammatory responses by activating NF-κB, 
playing a crucial role in AP [45, 46]. Inhibition of HMGB1 
and its downstream signaling has beneficial effects on SAP 
development in rats [47]. Studies have also demonstrated 
that HMGB1-dependent activation of NF-κB is implicated 
in the development of ALI [47]. However, it remains largely 
unexplored whether the HMGB1/RAGE/NF-κB signaling 
plays a significant role in the pathogenesis of SAP-induced 
ALI. Using the well-established SAP-ALI model, we dem-
onstrated that the expressions of HMGB1, RAGE, and 
NF-κB p56 at the mRNA and protein levels in lung and 
intestinal lymphoid tissues were significantly higher in SAP 
rats compared with the SO rats, and such up-regulation 
could be reversed by MLDL. Additionally, the expressions 
of inflammatory cytokines, including TNF-α, IL-6, and 

A

B

Fig. 5  Impacts of MLDL on the levels of inflammatory factors in 
serum and intestinal lymphoid tissues. a ELISA data of TNF-α, IL-6 
and ICAM1 in serum; b RT-PCR analysis of HMGB1, RAGE and 

TNF-α mRNA in intestinal lymphoid tissues. ***p < 0.001, compared 
with the SO group; #p < 0.05, ##p < 0.01, compared with the SAP 
group. n = 10–14
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ICAM1, were significantly elevated in the serum of SAP 
rats. Pretreatment with MLDL reduced such up-regulation 
and amended the histopathological injury of lung. Thence, 
MLDL could decrease the release of pro-inflammatory 
cytokines by blocking the HMGB1/RAGE/NF-κB signaling.

Mesenteric lymph draining from gut contains several 
biologically active agents, including electrolytes, lipids, 
proteins, and immune cells [48]. During acute and critical 
illness, the composition of mesenteric lymph is significantly 
changed [37]. A previous investigation has shown that the 
lymph concentrations of TNF-α, IL-6, and ICAM-1 are 
increased [49]. It is well known that HMGB1 is secreted 
by necrotic cells or activated monocytes and macrophages 
following stimulation with LPS, or inflammatory factors, 
such as TNF-α, or IL-1β [50]. Extracellular HMGB1 plays 
a pro-inflammatory role, and it perpetuates inflammatory 
reactions in a wide variety of pathologies. Therefore, we 
hypothesized that local gut tissues injury caused the release 
of bioactive agents into the mesenteric lymph during SAP, 
followed by the distribution in the systemic and pulmonary 
blood circulation, where mesenteric lymph-derived fac-
tors stimulate HMGB1 secretion and induced lung damage 
via NF-κB signaling. MLDL blocked the major pathway 
of gut-derived lymphotoxic substances to the lung, lead-
ing to reduced HMGB1 release and alleviated pulmonary 
inflammation.

In conclusion, our findings confirmed that mesenteric 
lymph was involved in the pathogenesis of SAP-ALI. MLDL 
could alleviate SAP-ALI probably by inhibiting HMGB1-
induced inflammation, which originated from the injured 
intestine in rats. These findings further elucidated the 
mechanism underlying SAP-ALI and further highlighted the 
importance of protecting intestinal barrier. Collectively, the 
modulation of mesenteric lymph flow might provide oppor-
tunities to develop new strategies to counteract the develop-
ment of SAP-ALI.
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