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Gut-lymph-lung pathway mediates sepsis-induced acute lung injury
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Abstract

This review attempts to unveil the possible mechanisms underlying how gut lymph affects lung and further gives rise to a&
respiratory distress syndrome, as well as potential interventional targets under the condition of ischemia-reperfusion injury. We
searched electronic databases including PubMed, MEDLINE, Cochrane Central Register of Controlled Trials, Google Scholar, Web
of Science, and Embase to identify relevant literatures published up to December 2019. We enrolled the literatures including the
Mesh Terms of “gut lymph or intestinal lymph and acute lung injury or acute respiratory distress syndrome.” Gut is considered to be
the origin of systemic inflammation and the engine of multiple organ distress syndrome in the field of critical care medicine, whereas
gut lymph plays a pivotal role in initiation of ischemia-reperfusion injury-induced acute respiratory distress syndrome. In fact, in the
having been established pathologic model of sepsis leading to multiple organ dysfunction named by Gu# Lymph theory, a variety of
literatures showed the position and role of changes in gut lymph components in the initiation of systemic inflammatory response,
which allows us to screen out potential intervention targets to pave the way for future clinic and basic research.
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Introduction

The gut lymph (GL) theory, first put forward by Deitch
et al in 2006," roots from the pathophysiology of critical
illness [Figure 1]. Derived from intestinal ischemia-
reperfusion injury (IRI), which usually occurs with
restored reperfusion of microcirculation in critically ill
patients with injury-induced shock, intestinal toxic sub-
stances are first absorbed into the mesenteric lymphatic
(ML) system. They are then transported into blood
circulation to activate the monocyte-macrophage system
(MMS), which triggers a systemic inflammatory response
that further aggregates intestinal injury.?! This process of
successive iteration gives rise to cascade amplification of
inflammation. Early studies indicated that bacterial
translocation resulting from the destruction of intestinal
mucosal integrity poses the threat of multiple organ
dysfunction syndrome (MODS).*! However, the latest
experimental evidence suggests that GL acts as a carrier of
danger-associated molecular patterns to systemic blood
circulation and different organs, leading to MODS.!
Acute respiratory distress syndrome (ARDS) can be
induced in healthy rats by injecting GL fluid (GLF) from
rat models of traumatic/hemorrhagic shock (T/HS), which
involves severe abdominal infection.”””! However, simul-
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taneous ligation of GL vessels or draina%e of GLF in this
model alleviated the conditions of ARDS.!8! Therefore, the
gut is considered to be the origin of systemic inflammation
responses'’! and the engine of MODS,!"”! and plays an
essential role in initiation of ARDS. This review attempts
to unveil the potential mechanisms underlying how GL
affects the lung and further gives rise to ARDS, as well as
potential interventional targets under the condition of IRL.

Bioactive Substances

From mediator to molecule

In response to injuries such as shock, extensive burn, severe
infection, and severe trauma, the gut (as the origin of
systemic inflammation) releases a large number of
inflammatory mediators, cytokines, and bioactive sub-
stances such as exosomes, high mobility group protein B1,
tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6),
arachidonic acid metabolite leukotriene (LTB4), and
hypoxia inducible factor-1a (HIF-1a), all of which play
a pivotal role in ARDS [Table 1].

The biologic function of exosomes, which are extracellular
vesicles secreted by immune cells approximately 40 to
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Figure 1: Pathophysiologic mechanism of gut-origin sepsis and acute respiratory distress syndrome in critically ill patients. ARDS: Acute respiratory distress syndrome; MODS: Multiple
organ distress syndrome; IRI: Ischemia-reperfusion injury; SIRS: Systemic inflammatory response syndrome; DAMPs: Damage associated molecular patterns.

100 nm in size, is determined by its cell source and contents
of lipid, protein, RNA, microRNA, and other bioactive
components, which may have 1nﬂammatory and immu-
noregulatory effects on target cells.!"!! Exosomes are able
to transfer lipid mediators such as fatty acids, prosta-
glandins, and leukotrienes (LTs) from host to target cells,
which z;])lay an important role in the activation of target
cells." Furthermore, the number of exosomes in body
fluids is altered by various injuries such as inflammation,
trauma, and infection."!

Kojima et al"® first identified ML exosomes in rats by
means of vesicle flow cytometry. Upon evaluating their cell
source and changes in response to T/HS, it was found that
they are able to express high levels of epithelial cell
adhesion molecule before and after T/HS shock, while
CD31 and CD61 expression were reduced compared with
the control group. Therefore, ML exosomes may primarily
originate from intestinal epithelial cells and be unaffected
by T/HS. The occurrence of intestinal IRI leads to
neutrophil aggregation and release of granules containing
exosomes through endoplasmic reticulum stress mediated
by complement 5 a receptor, which promotes the develop-
ment of ARDS.!!

IL-8 homologues are the major cytokines for neutrophil
aggregation. Kojima’s!"*! results showed that exosomes
obtained from ML after T/HS treatment had significantly
increased IL-8 expression. Furthermore, they confirmed
that injection of ML exosomes into neonatal mice after T/
HS could increase secretion of MIP-2 (a rat IL-8
homologue) and numbers of infiltrating neutrophils in
bronchoalveolar lavage fluid (BALF), leading to ALL
Moreover, after intestinal IRI, ML exosomes triggered

activation of nuclear factor kappa B (NF-«kB) in monocytes
and macrophages,"*! and induced the production of pro-
inflammatory cytokines by monocytes and macrophages
via a Toll-like receptor TLR) dependent signaling path-
way.!"®! Sakamoto et al'”! reported that the lung captured
most exosomes from being injected into ML catheters,
suggesting that the lung is the principal target for ML to
carry exosomes. To verify whether exosomes can reach the
lung and absorb immune cells iz vivo, Kojima et all™!
injected ML exosomes into immature mice before and after
shock. ML exosomes had moved to the alveolar cavity and
pulmonary parenchyma 6 h after injection, and were
absorbed by macrophages and CD68* pulmonary macro-
phages, indicating that exosomes could reach the lung and
be absorbed by macrophages in vivo. After T/HS, the
alveolar capillary barrier was destroyed by ML injection,
as indicated by alveolar Evans blue dye content, protein
leakage of BALF, lung wet dry ratio, and other measures.
Moreover, histologic lung injury scores increased signifi-
cantly, and inflammatory cells aggregated in the alveolar
cavity and lung parenchyma. However, injection of ML
supernatant with or without ML exosomes before shock
did not cause pulmonary inflammation.

As the central link of the immune response, dendritic cells
(DCs) are powerful antigen- presentmg cells that can
absorb, process and present antigens.!'®'?! Another study
by Komna et al® showed that after T/HS, expression of
immunoregulatory molecules such as major histocompati-
bility complex II was significantly increased in ML
exosomes. Compared with ML exosomes before shock,
co-incubation of DCs with ML exosomes after T/HS
increased the apoptotic rate of DCs two-fold. Additionally,
ML exosomes after T/HS inhibited the antigen-presenting
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Table 1: Inflammatory mediators in lymph following ischemia-reperfusion injury that contributes to ARDS/MODS.

Inflammatory mediators

Function and meaning

Exosome

TLR4

C5a receptor

IL-1, IL-6, IL-8, and TNF-«

IL-4

LPS

NF-kB and activator protein 1

HIF-1a

Neutrophils

Trypsin

Arachidonoyls

LTs

Myeloperoxidase, linoleoyl,
LPCs, LPEs, and PLA2

Macrophage

1. Transfers lipid mediators such as fatty acids, prostaglandins and leukotrienes from host
cells to target cells.

1. Triggers activation of NF-kB in monocytes and macrophages.

2. Increases expression of immunoregulatory molecules such as major histocompatibility
complex 1L

3. Inhibits the antigen-presenting ability, maturation, and antigen-expression function of DCs,
and promotes their apoptosis.

1. Identifies endogenous risk types and alarm factors and respond to endogenous ligands.

2. TLR4 signaling pathway was necessary for ML exosomes to induce macrophage activation.

3. iNOS expression in the lungs.

Mediates endoplasmic reticulum stress and causes neutrophils aggregation and release of
granules containing exosomes.

1. Aggregate the neutrophils.

2. Increase the adhesion of PMN to vascular endothelial cells, produce and release TNF,
oxygen-free radicals, and nitric oxide near the alveolar epithelium.

3. Increase the permeability of intestinal mucosa, forming a vicious cascade of inflammatory
amplification that ultimately results in MODS.

IL-4 is an anti-inflammatory factor whose presence suggests inflammation or an immune
reaction.

Activates TLR4, which in turn activates NF-kB and activating protein 1.

Induce the release of interferon, intercellular adhesion molecules, and cytokines.

Stimulates neutrophils to modulate ischemia/hypoxia.

Lead to endothelial and erythrocyte dysfunction.

leads to excessive protein catabolism and aggravation of cellular damage.

Metabolized by the 5-LO pathway to produce leukotrienes.

Regulate PMN transport in IRI by regulating the expression of adhesion molecules.

Induce cytotoxic reactions, which in turn can induce persistent superoxide anion (O2-)
production.

Produces oxygen-free radicals, lysine, and LTs, but also directly affects pulmonary vascular
endothelial cells.

ARDS: Acute respiratory distress syndrome; MODS: Multiple organ distress syndrome; NF-«kB: Nuclear factor kappa B; DCs: Dendritic cells; TLR4:
Toll-like receptor 4; ML: Mesenteric lymphatic; iNOS: Inducible nitric oxide synthase; C5a: Complement; IL: Interleukin; TNF: Tumor necrosis factor;
PMN: Polymorphonuclear neutrophils; LPS: Lipopolysaccharide; HIF: Hypoxia inducible factor; 5-LO: §-Lipoxygenase; LTs: Leukotrienes; IRI:
Ischemia-reperfusion injury; LPCs: Lysophosphatidylcholines; LPEs: Lysophosphatidylethan olamines; PLA2: Phospholipase A (2).

ability, maturation, and antigen-expression function of
DCs, and promoted their apoptosis. Thus, ML exosomes
are a novel mediator of post-injury immunosuppression.

When intestinal IRI occurs, lipopolysaccharide (LPS) in
circulating blood activates TLR4. With the assistance of
extracellular LPS-binding protein and CD14 myeloid
differentiation protein 2, the LPS-stimulating signal is
transduced intracellularly, whereby it induces a signal
cascade reaction through two myeloid differentiation factor
88-dependent factors to increase expression of inflammato-
ry factors, ultimately triggering an inflammatory re-
sponse.*!! The inflammatory mediator high mobility
group protein B1, as well as cytokines (TNF-a, IL-6, etc)
and LTB4, plays an important role in the GL theory of
MODS. However, the key component of this mechanism is
still activation of MMS by endotoxin. LPS-activated MMS
mainly depends on TLR4, which can transmit the LPS
extracellular signal into intracellular signaling with the help
of LPS-binding protein, which further activates transcrip-
tion factors such as NF-kB and activator protein 1.
Activation of NF-kB and activator protein 1 also induces
the release of interferon, intercellular adhesion molecules,
and cytokines such as TNF-a and IL-6. The presence of

TNF-q, IL-6, and other inflammatory factors in circulating
blood can further increase the permeability of intestinal
mucosa,*?! thereby increasing intestinal bacteria and
endotoxin entering the interstitial space of intestinal mucosa
by GL absorption into the lymphatic circulation. This
process starts a new round of MMS activation, thus forming
a vicious cascade of inflammatory amplification that
ultimately results in distant organ injury.

Zhang et al®! showed that levels of TLR4, NF-«B, and
human IL-1 receptor-related kinase 4 were increased in the
ileum of rats with abdominal infection compared with
sham-operated rats. Indeed, levels of TNF-a, IL-6, IL-4,
monocyte chemotactic proteins, and intracellular adhesion
molecule 1 in plasma, lymph, and BALF, as well as
intestinal and lung tissues, were increased by abdominal
infection. Furthermore, GL drainage decreased levels of
these factors in BALF and lung tissue. These results are
consistent with the reduction of lung injury observed in
rats infected by GL drainage.

Abnormal oxygen metabolism and cascade amplification of
the inflammatory response are important pathophysiologic
features of sepsis-induced ALL**! HIF-1q, a transcription
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factor, is considered to be the principal regulator of
ischemia/hypoxia.**! Studies have shown that HIF-1a
could be activated by an inflammatory state, suggesting
that HIF-1a is closely related to the inflammatory process.
Sun et al** injected septic lymph (SL) of rats and saline into
the jugular vein of healthy rats. Injection of SL could
obviously induce HIF-1a production, and levels of lung
injury scale and myeloperoxidase were considerably
increased compared with saline-injected rats. These results
indicate that HIF-1a has potential a stimulatory effect on
neutrophils in lymph node ALI of sepsis. Activation of
neutrophils could lead to endothelial and erythrocyte
dysfunction, which may contribute to ALL Furthermore,
preoperative intra-tracheal drip of 3-(50-hydroxymethyl-
20-furan)-1-benzylamphetazole (YC-1) in SL-infused rats
showed a tendency to reduce the signs of pulmonary
inflammation injury, especially the level of myeloperox-
idase. These results suggest that YC-1 can inhibit HIF-1a
expression and the progress of inflammation induced by
HIF-1a. Thus, HIF-1a plays an important role in hypoxia
and inflammation.

Proteins and lipids

GL contains a large number of proteins and lipids, which
have an essential impact on biologic activity. Research
from Fang et al*®! indicated an increased abundance of
serum albumin precursors, creatine kinase B, and actin in
ML nodes after shock; most notably, the abundance of
serum albumin precursors increased by 8.5-fold. Previous
studies have shown that in some inflammatory conditions,
such as mycotic keratitis, serum albumin precursors in
body fluids are increased, and increased creatine kinase B,
a component of the cytoskeleton network, in the
circulation after muscle injury is considered to result from
passive or active release.!*”! Actin is a central component of
cytoskeletal structures. Previous studies demonstrated that
HS could result in selective destruction of the intestinal
actin cytoskeleton.?®! Collectively, these results indicate
that serum albumin precursor, creatine kinase B, and actin
are associated with the process of inflammation and injury.

Trypsin, a proteolytic enzyme released from damaged cells,
can lead to excessive protein catabolism and aggravation
of cellular damage.*®! Zhao et al'**! found that injecting
post-HS mesenteric lymph (PHSML) from rats into the
veins of normal rats could significantly increase trypsin
activity in plasma, suggesting that toxic components in
PHSML cause damage to cells and increase the release of
trypsin.

Previously, Mittal ez al'®®! showed that ALI could be
significantly reduced by blocking or neutralizing pancre-
atic enzymes entering the intestinal cavity in rats with acute
pancreatitis. Upon anal¥zing the histology of GLF after T/
HS, Morishita et al'®'! observed a variety of lipids in
PHSML, including phosphatidylcholine, lysophosphati-
dylcholine (LPC), phosphatidylethanolamine, lysophos-
phatidylethan olamine (LPE), and sphingomyelin.
Compared with the sham shock group (T/SS), levels of
linoleoyl, arachidonoyls, docosahexaenol LPCs, and LPEs
were significantly increased in PHSML of the T/HS group.
Significantly increased LPCs and LPEs containing polyun-
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saturated fatty acids in PHSML can induce cytotoxic
reactions, which in turn can induce persistent superoxide
anion (O?7) production. Increased O*~ production and
elastase release have been shown to lead to ARDS/
MODS.P!

Gut phospholipase A (2) (PLA 2), a neutral lipid, was
extracted from PHSML. It is responsible for the initiation
of pro-inflammatory lipids in PHSML, which is why the
cytotoxicity is increased after Bolymorphonuclear neutro-
phils (PMNs) oxidative burst.**! The physiologic concen-
tration of PHSML lipids will trigger PMN respiratory
bursts, and the production of superoxide is twice that of
lymphatic cells before shock. The systemic use of gut PLA 2
inhibition before HS eliminated the neutrophil initiation
effect of PHSML, suggesting that T/HS may be at the core
of the pathogenesis of ARDS/MODS,3! provides a
potentially therapeutic mechanism for acute lung injury

after shock.

Bacteria and endotoxins

Intestinal IRI results in impaired intestinal mucosal
barriers, intestinal bacterial translocation, and release of
inflammatory mediators and cytokines.**! Early studies
suggested that when intestinal IRI occurred, intestinal
barrier function was impaired and intestinal permeability
increased, leading to bacterial and endotoxin transloca-
tion. Bacteria and endotoxin primarily enter systemic
blood circulation through the portal vein system and GL
system, leading to distant organ injury. Adams et all>*!
found that the GL of rats with HS and burn was sterile, and
no endotoxin was detected. Our unpublished results
indicate increased endotoxin levels in GL of rats with
IRI compared with sham-operated rats. Reasons underly-
ing these conflicting experimental results may be related to
differences in bacterial detection technig]ues and/or use in
different laboratories. Deitch et all®®! suggested that
translocation of bacteria and endotoxins may not exist
in GL, but instead be a property of intestinal walls and ML
nodes, which induce local inflaimmation and stimulate
production of a large number of cytokines; thus
aggravating systemic inflammatory response syndrome
and leading to MODS.

Bio-mechanism

From phenomenon to mechanism

In addition to identifying endogenous risk types and alarm
factors, TLR4 has been shown to identify and respond to
endogenous ligands, which suggests that it can be used as a
sensor for tissue damage and microbial invasion.*”! Cells
carrying TLR4 in vivo include innate immune system cells
such as macrophages, neutrophils, and DCs.!*®! Kojima
et al'"' showed that TLR4 was the subject receptor of ML
exosome and could induce macrophage inflammation;
moreover, the TLR4 signaling pathway was necessary for
ML exosomes to induce macrophage activation. Reino
et al®® showed that the lung permeability of wild-type
mice transfused with T/HS lymph was 2.5-times higher
than that of mice transfused with T/SS lymph; however, the
lung permeability of TLR4-deficient mice injected with T/
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HS lymph did not increase significantly. There was no
difference in myeloperoxidase levels in TLR4-deficient
mice injected with T/HS or T/SS lymph nodes. Compared
with wild-type mice, inducible nitric oxide synthase
(iINOS) expression in the lungs of TLR4-deficient mice
injected with T/HS lymphocytes decreased significantly,
suggesting that T/HS lymphokines mediate lung injury
through TLR4 activation. Moreover, lack of TLR4
attenuates the lung iNOS response to T/HS lymph-induced
lung injury.

PHSML contains large amounts of arachidonic acid when
they return to the systemic circulation. LTs are products of
arachidonic acid metabolized by the 5-lipoxygenase (5-
LO) pathway. 5-LO is a rate-limiting enzyme for LT
synthesis, and is an important factor causing lung
dysfunction after secondary T/HS. 5-LO activation is
considered to be an important regulator of the pathogene-
sis of multi-cellular organisms. Monteiro et al’s
study!™!! have shown that IRI and even sepsis patients
treated with 5-LO inhibitors are significantly protected
from lung inflammation and injury. It can be seen that 5-
LO products play an important role in lung injury caused
by sepsis, and also suggest that the application of 5-LO
inhibitors may have clinical therapeutlc value.**3) LTs
mainly regulate PMN transport 1n IRI by regulating the
expression of adhesion molecules.**!I»z vitro studies show
that PHSML activate neutrophils, increase endothelial cell
monolayer ?ermeability, and may even cause endothelial
cell death.! Mesenteric lymph enters the sub-clavian vein
through the thoracic duct, which directly flows into the
heart and lungs. The lung is the ﬁrst organ that contacts the
mesenteric lymph.[**! Adams et al**! demonstrated that T/
HS-induced PMN activation is caused by factors carried in
intestinal lymph fluids by enhancing PMN’s response to
inflammatory mediators. These results support PMN in
mediating the conversion of physiologic shock to immune
inflammation. Play a leading role in startup. Moreover, the
activation of macrophages in the lung not only produces
oxygen-free radicals, lysine, and LTs, but also directly
affects pulmonary vascular endothelial cells. In addition,
TNF, IL-1, IL-6, and IL-8 can increase the adhesion of
PMN to vascular endothelial cells, produce and release
TNF, oxygen-free radicals, and nitric oxide near the
alveolar epithelium, and cause damage to the alveolar
epithelium.

Potential Interventional Targets

Gut-lymph pathway blockage

A large number of studies have confirmed that GL ligation
or drainage could effectively prevent intestinal toxic
substances from entering systemic circulation in rats with
IRI, thereby effectively reducing damage to distant organs,
such as ALIL However, both interventions are anti-
physiologic and require abdominal surgery, which makes
them difficult to be performed when intra-abdominal
hypertension occurs in acute pancreatitis. The GL pathway
is the most direct damage associated molecular patterns
pathway. We will use the GL pathway block as our key
research direction in the future to overcome ARDS induced
by GL after IRL

WWW.Cmj.0rg

5-Aminoimidazole-4-carboxyimide nucleoside

Idrovo et al*’! showed that 5-aminoimidazole-4-carbox-

yimide nucleoside (AICAR), an anti-inflammatory cell-
penetrating compound, could alleviate organ injury and
inflammation after IRI. AICAR treatment significantly
reduced intestinal injury scores and water content,
improved histologic integrity, alleviated tissue damage
and release of pro-inflammatory cytokines, and decreased
intestinal bacterial translocation. Attenuated neutrophil
chemotaxis and infiltration into the lungs resulted in
decreased levels of TNF-a and IL-6 in the lungs.
Pulmonary iNOS and COX-2 protein levels decreased,
and apoptosis of lung cells was markedly decreased after
AICAR treatment.

3-(50-Hydroxymethyl-20-furan)-1-benzylamphetazole

As a specific inhibitor of HIF-1a, YC-1 inhibits HIF-1a
expression in an inflammatory state. Intra-tracheal
administration of YC-1 could substantially reduce neutro-
phil activation, pulmonary interstitial edema, and alveolar
exudation in lung tissue, thereby reducing lung injury.

Vagus nerve stimulation

CPSI-121 is a derivative of ornithine hydrazide, which can
activate the parasympathetic nervous system through an
unknown mechanism. Krzyzaniak et al™*®' confirmed that
CPSI-121 could prevent intestinal barrier dysfunction after
skin burns through a vagus nerve-dependent mechanism.
After injecting CPSI-121 intravenously into T/HS rats,
Morishita et al'*®! found that the discharge rate of the
vagus nerve increased, and both intestinal and lung injuries
were prevented. Therefore, CPSI-121 could be used as a
vagal-stimulating drug to limit end organ dysfunction after
injury as a potential therapeutic strategy for ALI or ARDS.

Low-level laser therapy

Low-level laser therapy (LLLT) generally involves the
application of low-power laser or light-emitting diode light
in the range of 1 to 500 mW to promote tissue regeneratron
and reduce inflammation and pain.”°! In animal experi-
ments, lasers have an inhibitory effect on pneumonia.
Carvalho et al®!l showed that pulmonary vascular
permeability, peribranchial edema, neutrophil accumula-
tion, pro-inflammatory factor IL-8, and anti-inflammatory
factor IL-10 increased dramatically after IRI in mice. After
LLLT intervention, pulmonary vascular permeability and
IL-8 were decreased, the level of anti-inflammatory factor
IL-10 was increased, and peribranchial edema, neutrophil
accumulation, and pulmonary inflammation were inhib-
ited. LLLT has exhibited advantages for immune function
in various studies.*>-*

Conclusions

In summary, GL plays a major role in the pathologic
process of IRI-induced ARDS after intestinal IRL. Inflam-
matory mediators, cytokines, proteins, and lipids in GL
and the TLR4 signaling pathway play a universal role in
initiation of ARDS. Although recent studies have indicated
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that the treatment of GL has some therapeutic effect, there
is still a lack of definite treatment measures to block lung
injury after intestinal IRI. Thus, more research is required
to identify prevention and treatment methods for IRI-
induced ARDS. Gut is considered to be the origin of
systemic inflammation, and the engine of MODS, while GL
plays a pivotal role in initiation of extrapulmonary ARDS.
Gut lymph purification, as a new technology deriving from
continuous blood purification therapy, will become the
next potential interventional target.
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