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Abstract— Liver injury induced by intestinal ischemia/reperfusion (I/R) is accompanied 
by the polarization of Kupffer cells, which are specialized macrophages located in the 
liver. However, the causes of hepatic macrophage polarization after intestinal I/R remain 
unknown. This study investigated whether gut-derived exosomes contribute to the pathogen-
esis of liver injury triggered by intestinal I/R in a murine model and explored the underlying 
mechanisms. Intestinal I/R models were established by temporally clamping the superior 
mesenteric arteries of mice. Exosomes were isolated from the intestinal tissue of mice that 
underwent intestinal I/R or sham surgery according to a centrifugation-based protocol. 
Exosomes were co-cultured with RAW 264.7 macrophages or injected intravenously in 
mice. Liposomal clodronate was administered intraperitoneally to deplete the macrophages. 
Macrophage polarization was determined by flow cytometry, immunohistochemistry, and 
quantitative polymerase chain reaction. Liver injury was assessed by histological morphol-
ogy and increased serum aspartate aminotransferase and alanine aminotransferase levels. 
Exosomes from mice intestines subjected to I/R (IR-Exo) promoted macrophage activa-
tion in vitro. Intravenous injection of IR-Exo caused hepatic M1 macrophage polarization 
and led to liver injury in mice. Depleting macrophages ameliorated liver injury caused by 
intestinal I/R or the injection of IR-Exo. Furthermore, inhibiting exosome release improved 
intestinal injury, liver function, and survival rates of mice subjected to intestinal I/R. Our 
study provides evidence that gut-derived exosomes induce liver injury after intestinal I/R 
by promoting hepatic M1 macrophage polarization. Inhibition of exosome secretion could 
be a therapeutic target for preventing hepatic impairment after intestinal I/R.
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INTRODUCTION

Intestinal ischemia/reperfusion (I/R) injury is a seri-
ous but common clinical occurrence caused by a number 
of pathophysiological factors, including superior mes-
enteric artery occlusion, abdominal and thoracic vascu-
lar surgery, cardiopulmonary bypass, or small intestine 
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transplantation, resulting in severe local and remote tissue 
injury and subsequent organ dysfunction, and has been 
extensively studied [1–3]. This common problem encoun-
tered in a broad range of clinical settings can create a life-
threatening abdominal emergency with a survival rate of 
less than 50% [4]. Liver injury is a component of multiple 
organ dysfunction syndrome triggered by intestinal I/R, 
which results in high mortality, and macrophages have an 
essential role [5]. Hepatic macrophages are highly plastic 
and can be activated and polarized into classically acti-
vated macrophages (M1 macrophages) or alternatively 
activated macrophages (M2 macrophages) in different 
microenvironments. Accumulating evidence has shown 
that M1 and M2 macrophage polarization participates in 
the process of several types of hepatic diseases, includ-
ing acute liver failure, viral hepatitis, nonalcoholic steato-
hepatitis, liver fibrosis, and hepatocyte cancer [6]. Recent 
studies have found that macrophage activation and M1 
polarization are also involved in the development of liver 
injury after intestinal I/R [5, 7]. The release of danger-
associated molecular patterns from enterocytes via portal 
circulation promotes Kupffer cell polarization and con-
tributes to liver injury after intestinal I/R [7]. However, 
the mechanisms by which intestinal-derived inflammatory 
signals spread to macrophages during the development of 
liver injury after intestinal I/R are not fully understood.

Exosomes are nanosized vesicles released by 
nearly all types of cells under normal and pathological 
conditions into the extracellular space and circulation. 
Exosomes are important mediators of communication 
between cells and organs. Intestinal epithelial cell-
released exosomes are capable of regulating the dif-
ferentiation and activity of immune cells, such as den-
dritic cells [8]. Furthermore, gut epithelial cell-derived 
exosomes could be released into the mesenteric lymph, 
trigger acute lung injury, and mediate immunosuppres-
sion in hemorrhagic shock [9, 10]. Exosome-like nano-
particles from intestinal mucosal cells migrate to the liver 
and affect natural killer T cells [11]. However, the rela-
tionship between intestinal-derived exosomes and hepatic 
injury after intestinal I/R needs to be explored.

We hypothesized that exosomes released after 
intestinal I/R are endogenous signals that lead to acute 
liver injury by promoting M1 macrophage polarization. 
During the present study, we extracted exosomes from 
the intestinal tissue of mice that underwent intestinal I/R 
or sham surgery. Then, we explored the effects of these 
intestinal-derived exosomes on the liver after intestinal 
I/R. We demonstrated that intestinal exosomes can be 

engulfed by hepatic macrophages, thereby causing M1 
macrophage polarization, hepatic enzyme elevation, and 
liver tissue impairment in mice subjected to intestinal I/R.

METHODS

Animal Models and Treatments
This study was approved by the Institutional Animal 

Care and Use Committee of Southern Medical Univer-
sity in Guangzhou, China, and complied with the national 
guidelines for the treatment of animals. Six- to eight-week-
old specific pathogen-free male C57BL/6 mice weighing 
20 ± 2 g were kept in a facility with controlled temperature 
and humidity conditions under 12-h cycles of light and 
darkness. The mice freely accessed food and water. Before 
surgery, the mice were fasted for 12 h and had free access 
to water only. Surgical procedures for intestinal I/R mod-
eling were performed under general anesthesia and sterile 
conditions. The mice were anesthetized with pentobarbital 
(45 mg·kg−1) injected intraperitoneally and kept warm on 
a thermal pad. An abdominal midline incision was created, 
the superior mesenteric artery was identified and clamped 
for 60 min, and the incision was closed after removal of 
the clamp to initiate reperfusion. After 6 h of reperfusion, 
the mice were anesthetized and the intestine, liver, and 
blood were harvested.

To inhibit exosome release, the mice were ran-
domly allocated to three groups: the sham group with-
out superior mesenteric artery clamping; the I/R group; 
and the I/R + GW4869 group, these two groups of mice 
pretreated with phosphate-buffered saline (PBS) and 
2.5 mg·kg−1 GW4869 (Sigma-Aldrich, USA), intraperi-
toneal injection, respectively, at 12 h before ischemia 
and at the beginning of intestinal reperfusion.

For exosome treatment, mice were randomly 
divided into three groups: the PBS group pretreated with 
200 μl PBS; the Sham-Exo group pretreated with 100 μg 
exosomes (200 μl) from the sham group small intestine; 
and the IR-Exo group pretreated with 100 μg exosomes 
(200 μl) from the I/R group small intestine, PBS, and 
exosome injection via the orbital venous sinus.

To deplete macrophages, mice were randomly 
grouped into four groups. The I/R + clodronate (Clod) 
group and I/R + control (Con) group mice received 200 μl 
liposomal clodronate (Yeasen, China) and an equal vol-
ume of liposome PBS (empty liposomes) intraperito-
neally, respectively, at 24 h before intestinal ischemia. 
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The IR-Exo + clod group and IR-Exo + Con group mice 
also received liposomal clodronate or liposome PBS as 
described before exosomes from intestinal I/R surgery 
were administered via intravenous injection. After reper-
fusion or exosome treatment for 6 h, the mice were eutha-
nized and their organs were harvested.

Survival Analysis

Seventy mice were randomly assigned to three 
experimental groups: sham group (n = 10); I/R group 
(n = 30); and I/R + GW4869 group (n = 30). The vital 
signs of the mice were monitored for 3 days after the 
onset of intestinal reperfusion.

Cell Culture

The murine RAW 264.7 macrophage cell line was 
supplied by ATCC. Murine RAW 264.7 cells in a six-well 
plate were maintained in DMEM enriched with 10% fetal 
bovine serum under 5% CO2 at 37 °C.

Exosome Treatment of Cells

Exosomes (5 μg·ml−1) derived from intestinal tis-
sues in the sham and I/R groups were added to the cell 
culture medium for 12 h.

Exosome Uptake Assay

Exosomes and cells were labeled with PKH67 
(Sigma-Aldrich, USA) and PKH26 fluorescent dye (Sigma-
Aldrich, USA), respectively, according to the instructions 
of the manufacturer. Co-localization of the PKH67-labeled 
exosomes and PKH26-labeled RAW 264.7 cells for 12 h 
was observed using fluorescence microscopy.

Statistical Analysis

Data analysis was performed using GraphPad Prism 
software version 8 (GraphPad Software, San Diego, CA, 
USA). Quantitative values are given as the means ± stand-
ard error of mean (SEM). Two continuous normally dis-
tributed variables were compared by unpaired t-test. The 
Mann–Whitney U test was used to compare the means of 

two groups of variables that were not normally distributed. 
The log-rank test was used for survival analyses. Statistical 
significance was set at P < 0.05.

The remaining methods are detailed in the supple-
mentary materials.

RESULTS

Characterization and Quantification 
of Intestine‑Derived Exosomes

The exosomes were isolated and purified using a 
standard protocol of serial differential centrifugation and 
ultracentrifugation steps after grinding and enzymatic 
digestion of intestinal tissues. Western blotting showed 
that exosomal protein markers CD9, CD63, and CD81 
were enriched at a density of 1.12 to 1.18 g·ml−1, whereas 
calnexin, an indicator of intracellular component contami-
nation, was not found (Fig. 1a), as reported previously [12]. 
Transmission electron micrographs confirmed the presence 
of exosomes approximately 30 to 150 nm in diameter as the 
typical cup-shaped vesicles (Fig. 1b). Nanoparticle tracking 
analysis revealed that exosomes from sham and I/R mice 
had mean particle sizes of 39.5 nm and 36.4 nm, respec-
tively (Fig. 1c).

IR‑Exo Causes RAW 264.7 Macrophage 
Activation

To explore the direct effect of intestinal exosomes 
on RAW 264.7 macrophages, we applied PKH67-labeled 
intestinal exosomes to RAW 264.7 macrophages. Images 
obtained by fluorescence microscopy confirmed that 
both types of exosomes were internalized in RAW 264.7 
macrophages after 12 h of co-incubation (Fig. 2a). Both 
exosomes in group Sham-Exo and IR-Exo were taken up 
by about 65% of cultured RAW 264.7 cells (Fig. 2b). We  
analyzed changes in RAW 264.7 macrophages pro- 
inflammatory gene expression after stimulation with 
intestinal exosomes. IR-Exo treatment remarkably upreg-
ulated the mRNA levels of TNF-α, IL-1β, IL-6, and iNOS 
(Fig. 2c–f). Phosphorylation of NF-κB (p65) and IκB-α, 
and degradation of total IκB-α, which indicates activation 
of NF-κB signaling, increased in the IR-Exo-treated RAW 
264.7 cells compared with sham-Exo or PBS (Fig. 2g–k), 
although the p-IkB-alpha showed no significantly differ-
ence between S-Exo and IR-Exo group (p = 0.1153). The 
results showed that IR-Exo promoted NF-κB-mediated 
inflammation signaling and activated macrophages.
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IR‑Exo Causes Macrophage Infiltration, M1 
Polarization, and Liver Inflammation in Mice

To investigate whether exosomes could reach the 
liver and activate macrophages In vivo, we injected intes-
tinal exosomes in healthy mice. PKH26 and FITC double-
positive cells represent the number of macrophages in the 
phagocytic exosomes, and the ratios of PKH26 and FITC 
double-positive cells/PKH26 single-positive cells reflect the 
ability of macrophages to phagocytose exosomes (Fig. 3b, 
c). Exosomes from the intestinal I/R and sham group 
were mobilized to the liver parenchyma 6 h after injection 
(Fig. 3a, b) and were mainly taken up by F4/80+ hepatic 
macrophages as determined by immunofluorescence 
(Fig. 3a, c). The injection of IR-Exo resulted in increased 
F4/80+ macrophage infiltration (Fig. 3d, e). M1 polarization 
in the liver was detected using flow cytometry and immu-
nohistochemistry. M1 markers CD86 and iNOS were sig-
nificantly expressed in the IR-Exo group (Fig. 3f–m). The 
expression of pro-inflammatory cytokine (IL-1β, IL-6, 

IL-18, CCL2, and CXCL9) mRNA in the liver was also 
increased by IR-Exo group. In contrast, Sham-Exo injec-
tion did not cause a liver inflammatory response (Fig. 3n–r). 

Fig. 1   Characterization and quantification of intestinal-derived exosomes. a The exosomes from intestines were loaded on a continuous sucrose 
gradient, and the fractions and total intestinal lysates were immunoblotted with corresponding antibodies. b  Electron micrographs of purified 
exosomes from the intestines. Scale bars is 200 nm. c The size of intestinal exosomes analyzed by NTA. NTA: nanoparticle tracking analysis, IR-
Exo: exosomes from mice intestines subjected to I/R surgery, Sham-Exo (S-Exo): exosomes from mice intestines subjected to sham surgery.

Fig. 2   IR-Exo causes RAW 264.7macrophage activation. a, b  RAW 
264.7 macrophages were incubated with PKH67 labeled intestinal-
derived exosomes harvested from sham and intestinal I/R surgery for 
12  h. Representative pictures of RAW 264.7 macrophages that had 
internalized intestinal-derived exosome analyzed by fluorescence 
microscopy. Cell membrane was stained using PKH26, and the nuclei 
were DAPI. Color-merged image shows DAPI in blue, PKH26 in red, 
and PKH67-labeled exosomes in green. Scale bar is 50  μm. c–f  The 
relative mRNA level of TNF-α, IL-6, IL-1β, iNOS in RAW 264.7 mac-
rophages was analyzed by RT-PCR. g–k Representative image and pro-
tein expression levels of p-IkB-α, IkB -α, p-P65, total p65 by western 
blotting analysis. Data are presented as the mean ± SEM. * P < 0.05, 
**P < 0.01, ***P < 0.001 compared with PBS group; #P < 0.05, 
##P < 0.01, ###P < 0.001 compared with Sham-Exo group; n = 3 mice 
per group. IL: interleukin, iNOS: inducible nitric oxide synthase, 
NF-κB: nuclear factor kappa-B, TNF: tumor necrosis factor, IR-Exo: 
exosomes from mice intestines subjected to I/R surgery, Sham-Exo 
(S-Exo): exosomes from mice intestines subjected to sham surgery.

◂
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Fig. 3   IR-Exo causes macrophage infiltration, M1 polarization in mice. a Immunofluorescence co-localization of the PKH26 labeled exosomes and 
FITC-F4/80 labeled hepatic macrophages, and b the proportion of PKH26 + FITC + cells and c PKH26 + FITC + /PKH26 + cell. d–i Representative 
images of immunohistochemical staining with F4/80 (d), iNOS (f) and Arg-1 (h) antibody in the liver. Scale bar is 100 μm. e, g, i The fold change 
of the numbers of positive loci were calculated. j–m The quantification of CD86 + F4/80 + (M1) and CD206 + F4/80 + (M2) and the M1/M2 ratio of 
macrophage was measured by flow cytometry. n–r Relative mRNA expression levels of IL-1β, IL-6, IL-18, CCL-2 and CXCL9 were analyzed by 
RT-PCR. Data presented as mean ± SEM.* P < 0.05, **P < 0.01, ***P < 0.001 compared with PBS group; #P < 0.05, ##P < 0.01, ###P < 0.001 com-
pared with Sham-Exo group; n = 3–5 mice per group. ALT: alanine aminotransferase, Arg-1: Arginase-1, AST: aspartate aminotransferase, CCL: 
Chemokine C–C Motif Ligand, CXCL: Chemokine C-X-C motif Ligand, IL: interleukin, iNOS: inducible nitric oxide synthase, IR-Exo: exosomes 
from mice intestines subjected to I/R surgery, Sham-Exo (S-Exo): exosomes from mice intestines subjected to sham surgery.
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Altogether, these results demonstrate that IR-Exo can 
induce M1 macrophage polarization and liver inflammation.

IR‑Exo Induced Liver Injury in Mice

Next, we tested the biological effects of intestinal 
exosomes on liver tissue of mice. The results indicated 
that the histological score of the liver in mice injected 
with IR-Exo was significantly higher than that of mice 
injected with PBS and Sham-Exo (Fig. 4a, b). Addi-
tionally, compared with the Sham-Exo group, the lev-
els of serum ALT and AST in IR-Exo were significantly 
increased (Fig. 4c, d). These results suggest that IR-Exo, 
but not Sham-Exo, can cause liver damage.

Macrophage Depletion Ameliorated 
Exosome‑Mediated Liver Injury After Intestinal 
I/R

To verify whether hepatic macrophages are respon-
sible for exosome-mediated liver injury, liposomal clo-
dronate was used to deplete macrophages. As shown by 
immunohistochemistry for F4/80, almost all macrophages 
in the liver in the clodronate group were depleted com-
pared with the empty liposome groups (Fig. 5a). Mac-
rophage depletion could reverse intestinal I/R-triggered 
liver injury and exosomes from I/R surgery-mediated 
liver injury, which was indicated by recovered lesions 
with lower Suzuki scores (Fig. 5b, c), decreased serum  

Fig. 4   IR-Exo causes liver injury in mice. a Representative images of liver histology stained with HE after exosomes injection. Injection of IR-Exo 
caused liver damage that was characterized by sinusoidal congestion and vacuolization, whereas injection of Sham-Exo resulted in mild tissue dam-
age. b Liver injury was assessed by Suzuki’s criteria. c–d Levels of ALT and AST in the sera. Data presented as mean ± SEM.* P < 0.05, **P < 0.01, 
***P < 0.001 compared with PBS group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with Sham-Exo group; n = 3–5 mice per group. ALT: 
alanine aminotransferase, AST: aspartate aminotransferase, IR-Exo: exosomes from mice intestines subjected to I/R surgery, Sham-Exo (S-Exo): 
exosomes from mice intestines subjected to sham surgery.
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ALT and AST levels (Fig. 5d, e), and the expression 
levels of TNF-α, IL-1β, and iNOS mRNA in the liver 
(Fig. 5f–j).

Inhibition of Exosome Release Reduces 
Macrophage Infiltration, M1 Polarization, 
and Liver Inflammation After Intestinal I/R

To investigate whether inhibition of exosome 
release could reduce pro-inflammation of hepatic mac-
rophages In vivo, GW4869 was used to block the release 
of exosomes in mice. Immunohistochemical staining of 
liver tissue to explore the impact of GW4869 treatment 
on macrophage infiltration showed that macrophages 
(marked by F4/80) increased in the liver of the intesti-
nal I/R mice in contrast with the sham group and were 
remarkably diminished after GW4869 injection (Fig. 6a, 
b). We isolated hepatic macrophages and performed flow 
cytometry to verify the polarization of macrophages via 
GW4869 modulation. The data demonstrated that intes-
tinal I/R resulted in remarkably increased CD86+F4/80+ 
and CD206+F4/80+ macrophages in the liver tissue, espe-
cially CD86+F4/80+ macrophages. Therefore, the ratio 
of M1/M2 macrophages remarkably increased in intesti-
nal I/R mice compared to sham and GW4869-pretreated 
mice (Fig. 6g–j). GW4869 administration decreased the 
shift toward the M1 phenotype. The iNOS (M1-related 
markers) protein expression was reduced and Arg-1 
(M2-related markers) protein expression was increased 
in the GW4869 group mice (Fig. 6c–f). Similar to the 
suppressive effects on macrophage M1 polarization, 
GW4869 remarkably diminished the expression of pro-
inflammatory cytokine genes (IL-1β, IL-6, IL-18, and 
CCL2) (Fig. 6k–n). The results indicated that inhibition 
of exosome release could reduce M1 macrophage polari-
zation and liver inflammation.

Inhibition of Exosome Release Improves 
the Survival of Mice and Alleviates Liver Injury 
After Intestinal I/R

To validate the functional link between exosome 
secretion and intestinal I/R-triggered liver injury In vivo, 
mice were pretreated with GW4869. The protective effect 
of GW4869 was observed after 4 h of reperfusion. At 
72 h after I/R surgery, only 10% of mice in the I/R group 
survived, whereas 56.7% of mice in the I/R + GW4869 
group survive (Fig. 7a). Intestinal I/R triggered devastat-
ing ileum injury manifesting as massive epithelial lifting 
on the sides of villi and hemorrhage in the lamina propria. 
Administration of GW4869 reduced these local injuries 
(Fig. 7b). There were dramatic differences in the intesti-
nal injury scores of the I/R and I/R plus GW4869 groups 
(Fig. 7c). Accordingly, intestinal I/R triggered liver injury 
with marked hepatocyte vacuolization and congestion. 
However, GW4869 alleviated this liver injury (Fig. 7b). 
A semi-quantitative assessment of liver damage scores 
demonstrated the mitigation of intestinal I/R-triggered 
liver injury by GW4869 (Fig. 7d). Additionally, liver 
enzymes were increased in response to intestinal I/R and 
diminished by GW4869 (Fig. 7e, f). Collectively, these 
results illustrate that GW4869-induced blockade of exo-
some production improves survival and mitigates intesti-
nal I/R-triggered liver injury.

DISCUSSION

During this study, we demonstrated that intesti-
nal I/R induces liver injury characterized by increased 
hepatic enzymes, increased M1 macrophage infiltration, 
and aggravated liver inflammation. Our study also showed 
that IR-Exo caused liver injuries in mice that were similar 
to those caused by intestinal I/R. Furthermore, IR-Exo can 
be encapsulated and activate macrophages into M1 states 
both in vitro and in vivo and contribute to liver injury. The 
macrophage depletion study further confirmed that hepatic 
M1 macrophage polarization is responsible for gut-derived 
exosomes mediating liver injury after intestinal I/R. Inhi-
bition of exosome secretion reversed M1 macrophage 
polarization and liver injury after intestinal I/R.

The gut has been identified as an initiator of the 
onset of multiple organ dysfunction. Free radicals, inflam-
matory mediators produced by the gut, and bacteria or 
enterotoxin translocation from the lumen or the interstitial 

Fig. 5   Macrophage depletion ameliorated exosomes-mediated liver 
injury following intestinal I/R. a  Immunohistochemical examina-
tion was performed by F4/80. b–c  Representative histological stain-
ing using HE was demonstrated. d–e  Levels of ALT and AST in 
the sera. f–j  Relative mRNA expression levels of TNF-α, IL-1β, 
IL-6, iNOS, and Arg-1 were measured by RT-PCR. Data presented 
as mean ± SEM. n = 3–5 mice per group. * P < 0.05, **P < 0.01, 
***P < 0.001. ALT: alanine aminotransferase, Arg-1: Arginase-1, 
AST: aspartate aminotransferase, HE: hematoxylin and eosin, IL: 
interleukin, iNOS: inducible nitric oxide synthase, TNF: tumor necro-
sis factor.

◂
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Fig. 6   Inhibition of exosomes release reduce macrophage infiltration and M1 polarization, and liver inflammation after intestinal I/R. a–f Repre-
sentative images of immunohistochemical staining with F4/80, iNOS and Arg-1 antibody in the liver. Scale bar is 100 μm. The fold change of the 
numbers of positive loci among three groups were calculated. g–j The quantification of CD86 + F4/80 + (M1) and CD206 + F4/80 + (M2) and the 
M1/M2 ratio of macrophage was detected by flow cytometry. k–o Relative mRNA expression levels of IL-1β, IL-6, IL-18, CCL-2, and CXCL9 were 
measured by RT-PCR. Data presented as mean ± SEM. * P < 0.05, **P < 0.01, ***P < 0.001 compared with sham group; #P < 0.05, ##P < 0.01, 
###P < 0.001 compared with IR group; n = 3–5 mice per group. Arg-1: Arginase-1, CCL: Chemokine C–C Motif Ligand, CXCL: Chemokine C-X-C 
motif Ligand, IL: interleukin, iNOS: inducible nitric oxide synthase, GW: GW4869.
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space of the affected bowel into lymph nodes and the 
bloodstream during intestinal I/R result in injuries to 
the remote organs, including the lung [13], liver [14], 
heart [15], kidney [16], and brain [17]. Because of portal 
venous drainage, the liver appears to be the first organ 
affected by toxic agents released from the intestine after 
intestinal I/R. Moreover, when the liver is compromised, 
these mediators can enter the systemic circulation, lead-
ing to a cascade of progressive organ system decay. Liver 
damage after intestinal I/R may be attributed to a mecha-
nism involving increments in histone aggregation and 
neutrophil extracellular trap formation [18], the release 
of HMGB1 from necroptotic enterocytes [7], NLRP3 
inflammasome activation [19], excessive generation of 
oxygen free radicals [20] and cytokines/chemokines 
[21], and hepatic microvascular dysfunction triggered by 

leukocyte adhesion [22]. Our results also confirmed that 
intestinal I/R triggered liver injury with marked hepato-
cyte vacuolization, congestion, and increased hepatic 
enzymes accompanied by increased M1 macrophage 
infiltration and aggravated inflammation of the liver.

Intravenous injection was used to simulate the 
effects of intestinal exosomes on other peripheral organs. 
We treated healthy mice with purified intestinal exosomes 
from sham and intestinal I/R surgery. Our results indi-
cated that IR-Exo initiated in mice contributed to liver 
injury and macrophage activation into M1 states, simi-
lar to intestinal I/R. These data illustrate that intestinal 
exosomes participate in the pathogenesis of liver injury 
triggered by intestinal I/R.

Exosomes are mediators of intercellular communi-
cation and modify recipient cells biology. The diversity 

Fig. 7   Inhibition of exosomes release improves survival of mice and alleviates liver injury after intestinal I/R. a  Treatment with GW4869 sig-
nificantly improved survival after a 1-h intestinal I/R. b  Representative images of HE staining ileum and liver tissues from the sham, IR and 
IR + GW4869 groups are shown. c–d  The extent of intestinal damage and liver injury was evaluated using modified Chiu’s score and Suzuki’s 
criteria, respectively. e–f The ALT and AST levels in the sera. Data presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with 
sham group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with IR group; n = 5 mice per group. ALT: alanine aminotransferase, AST: aspartate 
aminotransferase, HE: hematoxylin and eosin, GW: GW4869.
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in the composition and biological activity of exosomes 
are induced by different extracellular environments 
or different physiological or pathological states of the 
secreting cells. Intermittent hypoxia results in a signifi-
cant increase in the number of circulating exosomes, 
alters their miRNA cargo and function, such as induc-
ing endothelial dysfunction [23]. The ability of plasma 
exosomes from remote ischemic preconditioning rats to 
attenuate cardiomyocytes apoptosis induced by I/R via 
transferring miR-24 has been confirmed [24]. Serum-
derived exosomes from hepatic I/R challenged rats can 
cross the blood–brain barrier and mediate hippocampal 
and cortical neuronal pyroptosis [25]. Previously, we suc-
cessfully isolated extracellular vesicles from intestinal tis-
sues [26]. We found that extracellular vesicles from sham 
and intestinal I/R surgery had similar shapes and sizes, 
and our analysis of the RNA content of extracellular vesi-
cles showed that small RNAs comprise the majority of 
the vesicles but carry remarkably different miRNAs [26].

Macrophages in the liver account for the largest 
fraction of all solid organs. The resident hepatic mac-
rophages, referred to as Kupffer cells, are seeded along 
with sinusoidal endothelial cells and are pivotal killers 
that can constantly clear gut-originated pathogens from 
the blood to maintain the homeostatic function of the 
liver. It is well-known that macrophages are the main 
target cells of exosomes. Red blood cell-derived hemo-
globin containing vesicles from the circulation was 
extensively and rapidly removed by Kupffer cells [27]. 
Moreover, PKH26-labeled exosomes from murine mela-
noma B16BL6 cells administered to mice via the tail vein 
were mainly taken up by macrophages in the liver and 
spleen [28]. Consistent with previous studies, our current 
results showed that gut-derived exosomes were internal-
ized by RAW 264.7 macrophages in vitro and were pri-
marily taken up by macrophages in the liver In vivo.

Macrophages are also pivotal for sensing tissue injury 
by recognizing danger-associated molecular patterns, which 
drive their activation. Activated macrophages are usually 
classically defined as M1 and M2 activated macrophages 
[29]. Excessive M1 macrophages in the injured liver are 
thought to be the source of pro-inflammatory cytokines, 
which enhance cell apoptosis and tissue damage [6]. Liver 
diseases are associated with the transfer of exosomes to 
macrophages. Exosomes derived from cholesterol-loaded 
hepatocytes can promote M1 macrophage polarization 
and induce an inflammatory response [30]. Similarly, in 
nonalcoholic fatty liver disease, hepatocyte-derived exo-
somal miR-192-5p degraded the mRNA of Rictor and 

subsequently downregulated the protein levels of p-Akt and 
p-FoxO1 in macrophages, which promoted M1 polariza-
tion and induced lipotoxic liver injury [31]. Based on these 
reports, we postulated that exosomes carrying the signals 
of intestinal I/R could target hepatic macrophages to induce 
liver injury. Our study showed that intestinal exosomes 
from intestinal I/R could trigger pro-inflammatory signal-
ing and cytokine expression in RAW 264.7 macrophages 
in vitro. The effects of intestinal exosomes on hepatic mac-
rophages In vivo were confirmed. We found that the injec-
tion of IR-Exo remarkably increased macrophage infiltra-
tion, the M1-type marker content, the number of M1-type 
macrophages, the ratio of M1/M2 macrophages, and M1 
proinflammatory cytokines.

Clodronate liposomes have been reported to effec-
tively deplete macrophages in the liver. In the hepatic 
I/R model, macrophage exhaustion with pretreatment of 
clodronate liposomes led to the amelioration of affected 
lesions in the liver [32]. Our study showed that the 
depletion of macrophages mitigated disordered hepatic 
architecture and liver dysfunction and increased gene 
expression of the M1 marker in the liver after intestinal 
I/R. Intriguingly, macrophage elimination also improved 
these exacerbated impairments in the liver induced by 
IR-Exo. These results further confirm that hepatic M1 
macrophage polarization is responsible for gut-derived 
exosomes mediating liver injury after intestinal I/R.

GW4869, a noncompetitive inhibitor of mem-
brane-neutral sphingomyelinase, has been reported to 
markedly reduce exosome release [33, 34]. We observed 
that GW4869 administration remarkably decreased the 
number of infiltrating macrophages in the damaged liver 
after intestinal I/R, the expression of CCL2, which is the 
major cytokine that recruits macrophages as well as other 
M1 cytokines, the proportion of M1-type macrophages, 
and the M1/M2 ratio of macrophages. GW4869-mediated 
blockade of exosome generation improved survival and 
alleviated intestinal I/R-triggered liver injury. Addition-
ally, injecting IR-Exo in healthy mice resulted in liver 
injury similar to that observed with intestinal I/R. These 
results further confirm the potential role of exosomes in 
liver injury after intestinal I/R injury.

Communication between the gut and liver has a 
central role in the progression of diseases. Gut-derived 
toxins, gut microbiota, and their metabolites influence 
liver pathology. Other studies of the condition of intesti-
nal mucosal damage have reported gut-derived exosomes 
carrying HMGB1 to reach the liver, leading to nonalco-
holic fatty liver disease [35]. Our study also indicates that 
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intestinal exosomes act as a mediator between the gut and 
liver and polarize hepatic macrophages toward the M1 
state in the pathophysiological process of intestinal I/R.

This study had some limitations. First, the critical 
components of exosomes as an endogenous danger sig-
nal molecule directly mediate liver injury after intestinal 
I/R; this will be investigated in a future study. Second, 
whether other important immune effector cells, such as 
neutrophils, T cells, and natural killer cells, may also 
be involved in exosome-mediated liver damage remains 
unknown. Third, parameters at varying periods and con-
tinuous gradient doses for exosomes could reflect more 
dynamic progression in the liver after intestinal I/R.

In conclusion, our study demonstrated that gut-
derived exosomes induce liver injury after intestinal I/R 
by promoting hepatic M1 macrophage polarization and 
acting as a mediator in the gut-liver axis in the context of 
intestinal I/R-triggered hepatic injury. Therefore, inhibi-
tion of exosome secretion or suppression of macrophage 
activation could be therapeutic targets to prevent hepatic 
impairment after intestinal I/R.
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