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Abstract
Aim: Low-grade inflammation is the hallmark of non-alcoholic fatty liver diseases 
(NAFLD) and non-alcoholic steatohepatitis (NASH). The leakage of microbiota-
derived products can contribute to liver inflammation during NAFLD/NASH 
development. Here, we assessed the roles of gut microbial DNA-containing ex-
tracellular vesicles (mEVs) in regulating liver cellular abnormalities in the course 
of NAFLD/NASH.
Methods: We performed studies with Vsig4−/−, C3−/−, cGAS−/−, and their wild-
type littermate mice. Vsig4+ macrophage population and bacterial DNA abun-
dance were examined in both mouse and human liver by either flow cytometric 
or immunohistochemistry analysis. Gut mEVs were adoptively transferred into 
Vsig4−/−, C3−/−, cGAS−/−, or littermate WT mice, and hepatocyte inflammation 
and HSC fibrogenic activation were measured in these mice.
Results: Non-alcoholic fatty liver diseases and non-alcoholic steatohepatitis de-
velopment was concomitant with a diminished liver Vsig4+ macrophage popu-
lation and a marked bacterial DNA enrichment in both hepatocytes and HSCs. 
In the absence of Vsig4+ macrophages, gut mEVs translocation led to microbial 
DNA accumulation in hepatocytes and HSCs, resulting elevated hepatocyte in-
flammation and HSC fibrogenic activation. In contrast, in lean WT mice, Vsig4+ 
macrophages remove gut mEVs from bloodstream through a C3-dependent op-
sonization mechanism and prevent the infiltration of gut mEVs into hepatic cells. 
Additionally, Vsig4−/− mice more quickly developed significant liver steatosis 
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1   |   INTRODUCTION

The ongoing metabolic syndrome and diabetes epidemic 
are driving a parallel rise in the prevalence of non-alcoholic 
fatty liver diseases (NAFLD) and non-alcoholic steatohep-
atitis (NASH).1–3 It has become clear that chronic and 
subacute liver inflammation can fuel the development of 
NAFLD and subsequent transition to NASH.4–6 Emerging 
evidence reveals that chronic inflammation triggers cel-
lular abnormalities in hepatocytes and hepatic stellate 
cells (HSCs), both of which contribute to the incidence of 
NAFLD and NASH.4–6 The origins of liver inflammation 
include lipotoxicity,7–10 bile acids,11–13 innate immune re-
sponses,14–16 hepatocellular stress, and death.17–20

Overweight is accompanied by gut barrier breach, 
which leads to the leakage of microbiota-derived products 
into host circulation and distant organs.21–25 Changes in 
microbiota composition and function occur in response 
to the pathogenesis of metabolic diseases.26 Emerging ev-
idence indicates the critical roles of microbial metabolites 
in the incidence of tissue inflammation and metabolic 
abnormalities.27–32 Besides, several reports have shown 
the enrichment of microbial DNAs in the bloodstream 
and various metabolic organs of both obese humans and 
mice.33–37 In addition, these circulating microbial DNAs 
could serve as biomarkers mirroring the states of meta-
bolic diseases.33,36,38 It has been known that extracellular 
vesicles (EVs) play critical roles in cellular transportation 
of a variety of cargoes, including nucleic acids, proteins, 
and lipids.39 A wide range of microbiota species secrete 
EVs which may play important roles in communicat-
ing with microbiota or host cells.40,41 However, whether 
microbiota-derived bacterial DNA-containing EVs could 
be translocated from gut lumen into host circulation and 
affect the inflammatory responses in hepatic cells during 
NASH development remains to be clarified.

Live immune alteration is also a factor that can change 
the action of bacterial translocation in NAFLD/NASH. 
Previous studies have demonstrated that Vsig4 (V-set and 

immunoglobulin domain containing 4) expression is re-
quired for the ability of Kupffer cells to remove comple-
ment C3-opsonized products.42,43 Our previous findings 
have revealed that the expression of Vsig4 is remarkably 
decreased in Kupffer cells in the liver of obese mice and 
Vsig4+ Kupffer cells play an important role in clearing 
microbiota-derived EVs from bloodstream.43 However, the 
important roles of Vsig4+ Kupffer cells in the pathogene-
sis of NAFLD/NASH is largely unknown.

Here, we report that microbial DNA accumulation is 
a pathogenic factor driving cellular abnormalities in he-
patocytes and HSCs during the development of NAFLD/
NASH. We found a marked accumulation of bacterial 
DNAs within hepatocytes and HSCs in both NAFLD/
NASH human and mouse liver. In the course of NASH 
Vsig4+, liver macrophage population was diminished, re-
sulting in the penetration of gut mEVs into both hepato-
cytes and HSCs. We further validated that microbial DNAs 
are key cargoes within gut EVs triggering hepatic cellu-
lar abnormalities through the activation of cGAS/STING 
signaling.

2   |   RESULTS

2.1  |  Bacterial DNAs are accumulated in 
HSCs in the context of NASH

We first assessed the abundance of bacterial DNAs in 
mouse liver after 24 weeks Western diet feeding (NASH; 
Figure S1A). As shown in Figure 1(A), robust 16s rRNA 
signals were detected in the hepatic ⍺-smooth muscle 
actin+ (⍺-SMA+) cells of NASH WT mice, whereas 
much less abundance of bacterial DNAs was observed 
in lean WT mouse liver. We also found that NAFLD/
NASH human HSCs contained greater amount of bac-
terial DNAs than that in normal healthy human liver 
(Figure 1B; Table S1). To assess the impact of external 
bacterial DNA contamination during these experiments, 

and fibrosis than WT mice after Western diet feeding. In vitro treatment with 
NASH mEVs triggered hepatocyte inflammation and HSC fibrogenic activation. 
Microbial DNAs are key cargo for the effects of gut mEVs by activating cGAS/
STING.
Conclusion: Accumulation of microbial DNAs fuels the development of NAFLD/
NASH-associated liver abnormalities.

K E Y W O R D S

liver fibrogenic activation, liver inflammation, microbial DNAs, microbiota-derived 
extracellular vesicles, Vsig4+ macrophages



      |  3 of 14LUO et al.

we also detected 16s rRNA signals in the liver of germ-
free mice. We found no bacterial DNA signal in these 
germ-free liver samples (Figure S1B), thus confirming 
minimal exogenous bacterial DNA contamination in 
our experiments.

Non-alcoholic steatohepatitis development is accom-
panied by the impaired gut barrier (Figure S1C), and our 
previous study has shown that microbial DNA-containing 
intestinal extracellular vesicles (mEVs) are readily trans-
located from gut lumen into host circulation and liver 
in the context of obesity.43,44 We also detected bacterial 
DNA in the plasma EVs isolated from WD-fed WT mice, 
whereas very few number of bacterial DNA was detected 
in lean mouse plasma EVs (Figure S1D). Thus, we next 
tested if mEVs pass through gut barrier and deliver micro-
bial DNAs into HSCs in both lean and NASH WT mice. 
Using our previously reported mEV isolation method, 
mEVs were collected from the small intestinal lumen of 
16-week Western diet-fed WT mice and then labeled with 
PKH26 red fluorescent dye (Figure 1C and Figure S1E,F). 
After 16 h injection of PKH26 mEVs into the jejunum sec-
tion of 16-week Western diet-fed WT recipient mice, we 
observed strong red fluorescent signals presented in he-
patic ⍺-SMA+ cells (Figure 1C). In contrast, much fewer 

PKH26 signals were detected in the liver of lean WT mice 
(Figure 1C). Taken together, these data indicate that the 
impaired gut barrier allows for the translocation of intesti-
nal mEVs and accumulation of microbial DNAs in NASH 
HSCs.

2.2  |  Loss of hepatic Vsig4+ macrophages 
leads to infiltration of gut mEVs into HSCs

Liver Vsig4+ macrophages are main effector cells re-
moving bacterial products from bloodstream. However, 
the proportion of Vsig4+F4/80+ cells was significantly 
decreased after 24-week Western diet feeding, com-
pared to lean WT mice (Figure  2A,B). To demonstrate 
the importance of Vsig4+ cells on blocking transloca-
tion of gut mEVs into HSCs and hepatocytes, NASH gut 
mEVs were intravenously injected into either lean WT or 
Vsig4−/− mice (1  ×  1010 EVs/mouse, twice injection per 
week). After 4-week injection, qPCR analysis indicates a 
marked increase in 16s rRNA abundance in both HSCs 
and hepatocytes isolated from NCD Vsig4−/−-recipient 
mice, whereas there were barely detectable bacterial 
DNAs in the HSCs and hepatocytes collected from NCD 

F I G U R E  1   Bacterial DNAs are enriched in hepatic stellate cells (HSCs) in the context of NAFLD/NASH. The abundance of 16s rRNA in 
the hepatic α-SMA+ cells of NCD or 24 weeks western diet-fed (24-week WD; NASH) WT mice (a), healthy lean or NAFLD/NASH human 
liver (B). (C) The levels of PKH26 red fluorescence and 16s rRNA in hepatic α-SMA+ cells after injection of PKH26-labeled intestinal EVs 
into the jejunum sections of both NCD and 16-week WD-fed WT mice. Data are the representative of three experiments and the images were 
from the area closed to portal vein zonation of livers (A–C). (A–C) Scale bar = 50 μm. ‡p < 0.001, Student's t test.
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WT recipients (Figure 2B,C). Hepatic cells were also iso-
lated from germ-free mice with the same protocol and 
used benchmark controls to evaluate the contamination 
of environmental bacterial DNAs. Bacterial DNA was not 
detectable from these germ-free hepatic cells, thus dem-
onstrating the minimal level of external bacterial DNA 
contamination in our experiments (Figure 2B,C).

We also observed that a short-term (5 weeks) Western 
diet feeding did not significantly change the population 
of liver Vsig4+F4/80+ cells (Figure  2A), preventing ac-
cumulation of microbial DNAs in HSCs and hepato-
cytes. However, 5-week Western diet-fed Vsig4−/− mice 
displayed a greater amount of 16s rRNAs in the hepatic 
cells than that in the liver of 5-week Western diet WT mice 
(Figure 2D and Figure S2B). Thus, liver Vsig4+ cells are 
critical to block the penetration of gut mEVs during the 
development of NASH.

2.3  |  Bacterial DNA accumulation causes 
fibrogenic activation in HSCs

We observed that depletion of Vsig4+ cells led to increased 
population of activated HSCs after 5-week Western diet 
feeding, as evidenced by a greater number of ⍺-SMA+ 
cells in the Vsig4−/− liver (Figure 2D). In contrast, there 
were fewer ⍺-SMA+ cells in the liver of 5-week Western 
diet WT mice (Figure 2D). We also confirmed that HSCs 
isolated from 5-week Western diet Vsig4−/− mice were at 
greater degree of fibrogenic activation than WT HSCs, as 
evidenced by significant greater abundance of fibrosis-
associated genes (Figure  3A). Consistently, both Sirius 
Red and Masson's trichrome staining analyses show that 
Vsig4−/− mice quickly developed fibrosis in the liver after 
either 5- or 16-week Western diet feeding, whereas we did 
not observe significant fibrosis in WT liver (Figure 3B and 

F I G U R E  2   Vsig4+ macrophages block the translocation of gut mEVs into HSCs. (A) Flow cytometric analysis of liver Vsig4+ 
macrophage population in NCD and Western diet (WD)-fed WT mice. qPCR analysis of 16s rRNA abundance in the HSCs (B) and 
hepatocytes (C) of NCD germ-free mice or NCD Vsig4−/− mice treated with 4-week NASH gut mEVs. (D) The abundance of 16s rRNA in the 
hepatic α-SMA+ cells of 5-week Western diet-fed WT and Vsig4−/− mice. Data are presented as mean ± SEM. (D) Scale bar = 50 μm; data 
are the representative of three experiments. †p < 0.01, ‡p < 0.001, Student's t test. mEV, microbial DNA-containing extracellular vesicles. 
n.d., non-detectable.
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Figure S3A). There was also worsen fibrosis in 24-week 
Western diet feeding Vsig4−/− liver than NASH WT liver 
(Figure 3B and Figure S3A).

To mimic the enrichment of gut mEVs in blood-
stream in the context of NAFLD/NASH, NASH mEVs 
were intravenously injected into lean Vsig4−/− mice 
(1 × 1010 EVs/mouse, twice injection per week) to as-
sess the effects of gut mEVs on the fibrogenic activation 
in HSCs. While NASH mEV treatment did not affect 
the body weight (Figure S3B), the key genes associated 
with fibrogenic activation were elevated in the HSCs 
isolated from lean Vsig4−/− mice treated with NASH 
mEVs for 4 weeks (Figure 3C). In contrast, NASH mEV 
treatment had minimal effect on the fibrogenic acti-
vation in the HSCs of lean WT mice (Figure  3D and 
Figure S3C).

Complement component C3-mediated opsonization 
plays a crucial role in the ability of Vsig4+ macrophages 
to interact with bacterial products. While NASH develop-
ment did not change circulating C3 levels (Figure S3D–F), 
we observed that NASH mEV treatment results in accu-
mulation of microbial DNAs and elevated fibrogenic acti-
vation in HSCs of lean C3−/− mice after 4 weeks treatment 
with NASH mEVs (Figure 3E).

Given the profound impacts of NASH mEVs on the de-
velopment of liver fibrosis, we also examined the direct 

effects of NASH mEVs on in vitro fibrogenic activation 
in HSCs. Consistent with the improvement induced by 
NASH mEVs on in vivo HSC fibrogenic activation, lean 
WT HSCs exhibited elevated abundance of fibrosis-
associated genes after exposed to NASH mEVs (1  ×  108 
EVs per 0.5 × 106 cells; Figure 3F). Healthy human HSCs 
also enhanced fibrogenic activation after treatment with 
NASH mEVs (Figure 3G). Overall, these results indicated 
that penetration of gut mEVs directly leads to fibrogenic 
activation in HSCs.

2.4  |  Bacterial DNA enrichment triggers 
inflammation in hepatocytes

Inflammatory hepatocytes are key players stimulating 
fibrogenic activation in HSCs during NASH develop-
ment. We confirmed that bacterial DNAs were also en-
riched in the hepatocytes of NASH WT mice (Figure 4A). 
In addition, in the absence of liver Vsig4+ cells, gut 
mEVs were infiltrated into hepatocytes, as evidenced by 
strong red fluorescent signals in the hepatic albumin-
expressing cells of NASH WT mice after injection with 
PKH26-labeled mEVs (Figure  4B). More importantly, 
after 4  weeks treatment with NASH mEVs, there were 
greater levels of inflammation in the hepatocytes isolated 

F I G U R E  3   NASH mEVs cause fibrogenic activation in HSCs. (A) qPCR analysis of gene abundance associated with fibrogenic 
activation in 5-week WD-fed WT and Vsig4−/− mice. (B) Sirius Red staining analysis of liver fibrosis in WT and Vsig4−/− mice after feeding 
WD. Data are the representative of three experiments. Scale bar = 50 μm. Effects of NASH gut mEVs on the expression of fibrogenic genes 
in the liver of lean Vsig4−/− (C) or WT (D) mice. (E) qPCR analysis of genes associated with fibrogenic activation in the liver of lean C3−/− 
treated with NASH mEVs. After in vitro treatment with NASH mEVs, qPCR analysis of fibrogenic genes in lean mouse HSCs (F) or human 
HSCs (G). Data are presented as mean ± SEM. *p < 0.05, †p < 0.01, ‡p < 0.001, Student's t test.
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from lean Vsig4−/− or C3−/− mice, as shown by elevated 
abundance of proinflammatory cytokines or mediators 
compared to control cells (Figure  4C and Figure S4A). 
In addition, the degree of inflammatory responses in the 
hepatocytes of 5-week Western diet Vsig4−/− mice was 
greater than that in WT mice (Figure S4B). We also con-
firmed that NASH mEV treatment directly enhanced in-
flammatory responses in either healthy normal human 
or lean mouse hepatocytes (Figure 4D and Figure S4C). 
Additionally, Vsig4−/− mice quickly accumulated lipids 
in hepatocytes after 5-week Western diet feeding and fur-
ther developed greater levels of liver steatosis than WT 
liver after 16- or 24-week Western diet feeding (Figure 4E 
and Figure S4D).

We also assessed whether NASH mEVs-mediated in-
flammatory hepatocytes promote proliferation in HSCs. 
We collected conditional mediums from lean mouse he-
patocytes after 24  h treatment with NASH mEVs, and 
these conditional mediums were used to culture HSCs 
isolated from lean Mki67 mice (Ki67+ cells express RFP 
reporter proteins). After 48  h, flow cytometric analysis 
indicates that adding conditional mediums derived from 

control hepatocytes without EV treatment (Hep CM) sig-
nificantly enhanced the proportion of RFP+ proliferat-
ing HSCs, compared to control HSCs (Figure 4F). More 
importantly, treatment with the conditional mediums 
from NASH mEVs-treated hepatocytes (NASH mEV-Hep 
CM) led to ~10-fold more RFP+ cells than the effects of 
Hep CM treatment (Figure 4F). We found that the con-
ditional mediums derived from hepatocytes treated with 
NASH mEVs contained higher levels of PDGFβ which 
has been known as a stimulator for HSC proliferation 
(Figure S4E). Consistently, healthy human hepatocytes 
secreted greater abundance of PDGFβ after 24  h treat-
ment with NASH mEVs (Figure S4F). In addition, after 
co-cultured with conditional mediums from NASH 
mEVs-treated healthy human hepatocytes, the popula-
tion of Ki67+ human HSCs was also elevated (Figure 
S4G). We also tested the direct effect of NASH mEVs on 
HSC proliferation. However, NASH mEV treatment did 
not directly affect the population of proliferating mouse 
HSCs (Figure S4H). Therefore, these results suggest 
that NASH mEVs activates hepatocyte inflammatory re-
sponses that can stimulate the proliferation in HSCs.

F I G U R E  4   NASH mEVs induces hepatocyte inflammation. (A) qPCR analysis of 16s rRNA abundance in mouse hepatocytes. (B) The 
levels of PKH26 red fluorescence and 16s rRNA in liver albumin+ cells after injection of PKH26-labeled intestinal EVs into the jejunum 
sections of both NCD and NASH WT mice. (C) After 4-week treatment with NASH mEVs, qPCR analysis proinflammatory mediators in 
hepatocytes of lean Vsig4−/− mice. The abundance of proinflammatory genes in lean mouse hepatocytes (D) or healthy human hepatocytes 
(E) after in vitro treatment with NASH mEVs. (F) Flow cytometric analysis of mouse HSC proliferation after co-cultured with conditional 
mediums derived from NASH mEVs-treated mouse hepatocytes. Data are presented as mean ± SEM. (B,E) Scale bar = 50 μm. *p < 0.05, 
‡p < 0.001, Student's t test.
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2.5  |  Microbial DNAs are key cargoes 
for the ability of NASH mEVs

Gut lumen harbors various EVs derived from different 
types of host cells and microbiota. To demonstrate the 
critical role of microbiota-derived EVs in the pathogenic 
effects of NASH gut EVs, we collected gut EVs from 
Western diet-fed germ-free mice (GF EVs; Figure S5A). 
After 4-week treatment with GF EVs, both inflamma-
tory responses in hepatocytes and fibrogenic activation 
in HSCs of lean Vsig4−/− mice were comparable with 
control recipients (Figure  5A,B). We further assessed 
the importance of microbial DNA cargoes within gut 
EVs. Microbial DNAs were depleted from NASH gut EVs 
(DNA-free EVs) using our previously reported method 
(Figure S5A).43 We observed that these DNA-free EVs 
did not change the responses of hepatic cells in lean 
Vsig4−/− mice (Figure  5A,B). Consistent with these in 
vivo phenotypes, GF EVs or DNA-free EVs did not affect 
the responses of mouse or human hepatocytes or HSCs in 

in vitro experiments (Figure  5C,D and Figures S4C and 
S5B). In contrast, microbial DNA-containing gut EVs col-
lected from NASH WT mice (NASH mEV) significantly 
enhanced hepatic inflammation and fibrogenic activation 
in both in vivo and in vitro experiments (Figure 5A–D and 
Figures S4C and S5B). Thus, these data demonstrate that 
microbial DNAs are key cargoes contributing to the path-
ogenic effects of NASH gut EVs.

2.6  |  cGAS/STING signaling is critical 
for the ability of microbial DNA to induce 
hepatic dysfunction

Previous studies, including ours, have demonstrated that 
the activation of cGAS/STING pathway is important for 
bacterial DNA-induced cellular responses. We observed 
that bacterial DNA accumulation was accompanied by 
greater levels of cGAS and phosphorylated STING in the 
HSCs isolated from 5-week Western diet Vsig4−/− mice 

F I G U R E  5   Microbial DNAs are pathogenic cargoes for the effects of NASH mEVs. qPCR analysis of the expression of proinflammatory 
genes in hepatocytes (A) and fibrogenic genes (B) in the HSCs of lean Vsig4−/− recipient mice treated with either NASH mEVs, NASH germ-
free (GF) EVs, or NASH DNA-free EVs. Effects of intestinal EVs on the abundance of fibrogenic genes in mouse (C) or human (D) HSCs. 
Data are presented as mean ± SEM. *p < 0.05, †p < 0.01, Student's t test.
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or NASH mEV-treated lean Vsig4−/− mice (Figure 6A,B). 
In addition, in vitro treatment with NASH mEVs led to 
increased activation of cGAS/STING signaling in either 
mouse or human hepatic cells (Figure  6C,D and Figure 
S6A,B).

To further assess the importance of cGAS/STING 
pathway on the ability of microbial DNAs to induce he-
patic dysfunction, 5-week Western diet cGAS−/− mice 
were intravenously injected with NASH mEVs (1 × 1010 
EVs/mouse, twice injection per week). After 4-week 
treatment, there were comparable levels of hepatocyte 
inflammation and HSC fibrogenic activation among 
these cGAS−/− mice, as shown by no difference in the 
abundance of proinflammatory mediators and fibrosis-
associated genes (Figure  6E,F and Figure S6C). In the 
in vitro experiments using hepatocytes or HSCs isolated 
from lean cGAS−/− mice, we also observed that NASH 
mEVs did not significantly affect cellular responses 
(Figure 6G,H). Similarly, knockdown of cGAS in healthy 
human hepatocytes or HSCs blunted the effects of NASH 
mEVs (Figure 6I,J). In addition, we observed less steato-
sis in Western diet-fed cGAS−/− mice, compared to that 

in NASH WT liver (Figure S6D,E). Knockout of cGAS 
also blunted the formation of fibrosis in liver, as shown 
by barely detectable Sirius Red or Masson's trichrome 
staining signals in 24-week Western diet cGAS−/− liver 
(Figure 6K and Figure S6F). Taking together, these re-
sults demonstrate the critical role of cGAS/STING sig-
naling for the effects of microbial DNAs on host hepatic 
cells.

3   |   DISCUSSION

In this study, we have evaluated the effects of microbial 
DNA accumulation on the activation of hepatic inflam-
mation and fibrogenic activation that contribute to NASH 
development. In specific, we find that intestinal mEVs can 
pass through impaired gut barrier and deliver microbial 
DNAs into hepatic cells, subsequently causing cellular 
inflammation and fibrogenic activation in liver. Hepatic 
Vsig4+ cells play a critical role in protecting hepatocytes 
and HSCs from the infiltration of gut mEVs through a C3-
dependent mechanism, whereas knockout of Vsig4 or C3 

F I G U R E  6   The activation of cGAS/STING pathway plays a critical role in microbial DNA-induced liver dysfunctions. (A) The levels 
of cGAS and STING phosphorylation in the liver of WT and Vsig4−/− mice after 5-week WD feeding. (B) Effects of NASH mEVs on the 
activation of cGAS/STING pathway in HSCs of lean Vsig4−/− mice after 4-week treatment with NASH mEVs. The levels of cGAS/STING 
activation in healthy human hepatocytes (C) or HSCs (D) after in vitro treatment with NASH mEVs. The influence of cGAS ablation on 
the responses of hepatocytes (E) and HSCs (F) to NASH mEV treatment. The proinflammatory genes in lean cGAS−/− hepatocytes (G) and 
fibrogenic genes in lean cGAS−/− HSCs (H) after in vitro treatment with NASH mEVs. Effects of NASH mEVs on the responses of human 
HSCs (I) and hepatocytes (J) with cGAS knockdown. (K) Liver fibrosis evaluated by Sirius red staining analysis. Scale bar = 50 μm Data are 
presented as mean ± SEM. *p < 0.05, †p < 0.01, Student's t test.
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blunt the ability of liver macrophages to block the patho-
genesis of gut mEVs. We observe minimal effects of gut 
EVs collected from germ-free mice on liver dysfunction, 
thus indicating the critical role microbiota-derived EVs 
in the gut EVs. Furthermore, the microbial DNA cargoes 
are responsible for these effects of NASH gut EVs, as evi-
denced by diminished effects of gut EVs after depletion of 
microbial DNAs. Finally, we confirm that the activation of 
cGAS/STING signaling is important for microbial DNAs 
to trigger inflammation and fibrogenic activation in he-
patic cells in both in vivo and in vitro experiments.

An impaired gut barrier is a feature of obesity.21–25 
Previous study has demonstrated that overweight is ac-
companied by microbial DNA accumulation in key meta-
bolic tissues.36,43,45 As expected, we also find that bacterial 
DNA enrichment is occurred in both hepatocytes and 
HSCs in NASH mouse and human liver. Several stud-
ies also report that bacterial DNA abundance is elevated 
in the circulation and liver of NAFLD/NASH humans 
or mice. More importantly, we further validate that gut 
mEVs play a critical role in transferring microbial DNAs 
into hepatic cells in the context of gut barrier breach.

Previous studies have demonstrated that liver Vsig4+ 
macrophages are key players exerting protection for other 
hepatic cells from the pathogenesis of bacterial prod-
ucts.42,43 In line with our previous findings, in the absence 
of liver Vsig4+ cells, gut mEVs efficiently infiltrate into 
both hepatocytes and HSCs in lean Vsig4−/− mice. In 
contrast, there is barely detectable bacterial DNA in the 
Vsig4+ cell-enriched liver of lean WT mice. In both NASH 
human and mouse liver, Vsig4 abundance was markedly 
reduced, subsequently elevating the susceptibility of host 
cells to the impacts of bacterial products. We have ob-
served that bacterial DNA accumulation in bloodstream 
quickly occurred after 5-week WD feeding, whereas no 
significant increase in bacterial DNA detected in the liver 
of 5-week WD WT mice. In addition, liver Vsig4+ mac-
rophage population was not significantly changed after 
5-week WD feeding but diminished after 24-week WD 
feeding, thus suggesting that loss of Vsig4 likely causes 
bacterial DNA enrichment in host cells in NASH livers. 
In addition to the Vsig4-dependent function, previous 
studies have shown that macrophages can exert phago-
cytosis on bacterial products through other mechanisms, 
such as scavenger receptors.46 It has been known that 
C3-mediated opsonization is important for the ability of 
Vsig4+ macrophages to interact with bacterial products. 
Indeed, we found that knockout of C3 blunted the in-
teraction between Vsig4+ macrophages and gut mEVs. 
Previously, Zeng et al suggest that bacterial lipoteichoic 
acid (LTA) component can be recognized by liver Vsig4+ 
macrophages.47 However, we found that there was un-
detectable level of LTA within NASH mEVs (data not 

shown), thus suggesting the minimal effect of LTA on the 
ability of Vsig4+ macrophages to bind gut mEVs. In addi-
tion to the ability to clean bacterial products from blood-
stream, liver Visg4+ macrophages may regulate hepatic 
inflammation status through other mechanisms such as 
the secretion of cytokines or exosomes.

Emerging evidence indicates the pathogenic roles of 
various microbiota-derived products in fueling the devel-
opment of metabolic diseases.26 Our findings support that 
translocation of microbiota-secreted EVs into liver can 
cause hepatic inflammation and fibrogenic activation, as 
evidenced by elevated hepatocyte inflammation and HSC 
activation in either lean Vsig4−/− or C3−/− mice after injec-
tion with NASH mEVs. While various types of host cells 
also secrete EVs into gut lumen, the EVs from germ-free 
mice had minimal effects on hepatic cell functions. Thus, 
this suggests that microbiota-derived EVs are pathogenic 
within gut EVs. However, a previous study reports that 
intestinal epithelial cell-derived EVs can blunt the devel-
opment of inflammatory bowel disease by regulating in-
testinal tract immune balance.48

In line with previous findings that enrichment of 
bacterial DNAs leads to host cell dysfunction, our data 
support that microbial DNA is a pathogenic mediator trig-
gering NAFLD/NASH-associated hepatic inflammation 
and fibrogenic activation. In line with inflammation as an 
inducer for NAFLD phenotypes, we observed that Vsig4−/− 
mice quickly accumulated lipids in liver after Western diet 
feeding. In addition, microbial DNA-induced hepatocyte 
inflammation elevated the secretion of PDGFβ for HSC 
proliferation. More importantly, the microbial DNA cargo 
is the key molecule for the pathogenic effects of gut EVs, 
as evidenced by minimal effects of DNA-free gut EVs on 
hepatic cell responses. However, previous studies suggest 
that gut microbiota-derived outer membrane vesicles 
carry polysaccharide or a variety of digesting enzymes 
that modulate intestinal immune cell responses.49,50 It has 
been known that there are marked differences in cargo 
components among various types of EVs, thus leading to 
the distinct observations from ours and previous findings 
from the outer membrane vesicles.

Previous studies, including ours, have demonstrated 
that activation of cGAS/STING pathway is critical for mi-
crobial DNAs to initiate host cell dysfunction.43,51 Indeed, 
we observed microbial DNA accumulation was concom-
itant with elevated abundance of cGAS and phosphor-
ylated STING in hepatic cells. Luo et al52 have shown 
that STING depletion can ameliorate liver inflamma-
tion and fibrogenic activation. Our previous study also 
observes that cGAS knockout blunts the effects of mi-
crobial DNAs on the inflammatory responses of insulin-
sensitizing cells.43 Consistently, in our study, hepatic cells 
without cGAS displayed minimal responses to microbial 
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DNA accumulation. Therefore, these demonstrate the 
importance of cGAS/STING signaling on the micro-
bial DNA-induced hepatic cell responses. In addition to 
cGAS/STING pathway, the nucleotide-binding oligom-
erization domain (NOD) proteins can sense bacterial 
infection through binding to bacterial peptidoglycans, g-
D-glutamyl-meso-diaminopimelic acid, and/or muramyl 
dipeptide, triggering cellular inflammatory responses.53 
However, it is still unknown that microbiota-derived 
EVs harbor NOD ligands that can induce the activation 
of NOD-related pathways. In addition, it is possible that 
microbial DNA enrichment-induced host cell death led to 
the release of DNA fragments which could trigger cGAS/
STING activation.

In summary, we have shown that during the course of 
NAFLD/NASH, microbial DNAs exert profound effects 
to fuel inflammation and fibrogenic activation in liver 
through a cGAS/STING-dependent mechanism. These 
studies hold significant potential for therapeutic interven-
tion. One can envision that restoring Vsig4+ macrophages 
could block the infiltration of gut mEVs and accumulation 
of microbial DNAs in hepatic cells. In addition, it is possi-
ble that cGAS/STING could be therapeutic targets against 
microbial DNA-induced cellular abnormalities.

4   |   MATERIALS AND METHODS

4.1  |  Mouse information

Wild-type (WT) C57BL6, C3−/−, cGAS−/−, and Mki67 mice 
were received from the Jackson Laboratory. Vsig4−/− mice 
(C57BL/6 background) were maintained by Dr Wei Ying 
laboratory. The Vsig4 wild-type (WT) mice were produced 
by crossing Vsig4± heterozygous mice together. Germ-
free (GF) C57BL/6 mice were maintained in the UCSD 
Gnotobiotic Mouse Facility. All mice were maintained 
on a 12/12-h light–dark cycle. At 12 weeks of age, male 
mice were used as recipients for gut extracellular vesicle 
(EV) injection. Mice were fed a Western diet (AIN76A; 
20% milk fat, 0.2% cholesterol, and 34% sucrose by weight; 
TestDiet® 5342) or a normal chow diet (5.1% mixture of 
milk fat/lard/soybean oil/corn oil, 10% sucrose by weight; 
TestDiet® 5TJS).

4.2  |  Institutional review 
board statement

All animal procedures were done in accordance with the 
University of California, San Diego Research Guidelines 
for the Care and Use of Laboratory Animals. The UCSD 
IRB has waived the review and approval for the usage 

of human liver samples (UCSD IRB exempt protocol 
#801545) due to the secondary usage of existing human 
liver biospecimens.

4.3  |  Gut EV isolation and 
characterization

Feces were collected from small intestine sections of 
NASH WT mice in sterile PBS buffer in a sterile hood. To 
remove debris and dead cells, the samples were spined at 
1000 g for 10 min, 4°C. The samples were passed through 
0.22  µm filters and then ultracentrifugated at 100  000 g 
for 4  h at 4°C. The EV-containing pellets were resus-
pended in sterile PBS buffer and passed through 0.22 µm 
filters. EV concentration and particle size were evaluated 
by the NanoSight analysis (Malvern Instruments). Each 
EV sample was measured at least three times using the 
Nanoparticle Tracking Analysis software with default set-
tings (camera level = 10–11, temperature = 25–26°C).

4.4  |  In vivo EV trafficking assays

PKH26-labeled EVs (1 × 1010 EVs per mouse in 200 µl of 
sterile PBS) were introduced to either lean or NASH recip-
ient mice through either injection into jejunum section or 
tail vein. Livers were collected for measuring the intensity 
of PKH26 red fluorescence.

4.5  |  In vivo and in vitro gut 
mEV treatment

For in vitro treatment, 1 × 105 hepatic stellate cells and 
hepatocytes were treated with 1  ×  108 EVs for 24–36  h, 
then used for relevant test. For in vivo treatment, recipi-
ent mice were treated with 1 × 1010 EVs twice per week 
through tail vein injection.

4.6  |  Hepatocyte isolation

Briefly, mice were infused with a calcium-free HEPES-
phosphate buffer A (calcium-  and magnesium-free PBS 
containing 10  mM HEPES, 0.2 uM EGTA, 0.2% BSA, 
and 1 mM glucose, pH 7.4) via the vena cava. After liver 
appeared to a light brown or beige color, collagenase-
containing buffer B (PBS with 1 mM calcium, 0.2% BSA, 
1  mM magnesium, and 30  mM HEPES, 0.5  mg colla-
genase D/ml) was perfused until cracking signs on the 
liver surface. Then, the liver was harvested, and cells 
were released from digested livers in ice-cold Buffer A. 
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After filtered through a 100-μm nylon filter, cells were 
centrifuged at 50 g for 5 min at 4°C. After washed with 
Buffer A twice, cells were mixed with Percoll (using 10× 
PBS to adjust to the physiological ionic strength, the final 
concentration  =  36%) and then centrifuged at 100 g for 
10 min, 4°C. After removing the supernatant, the hepato-
cyte pellet was resuspended with Buffer A and spined at 
50 g for 5 min at 4°C. Finally, hepatocytes were cultured 
with Williams Medium E containing 10% FBS and 10 nM 
dexamethasone on collagen-coated plates and antibiotics. 
Cryopreserved and plateable healthy human hepatocytes 
were received from Lonza.

4.7  |  HSC isolation

Mouse liver was sequentially perfused via superior vena 
cava first with 30–40 ml of calcium-free HEPES-phosphate 
buffer A, next with 30 ml of 0.5 mg/ml pronase, and finally 
with 30 ml of 0.5 mg/ml collagenase D. After digestion of 
the clipped liver tissue in a mixture containing pronase, 
DNase I, and collagenase D for 20 min, the cell suspension 
was centrifuged at 50 g for 3 min to further remove liver 
parenchymal cells. The supernatant was collected, and 
then, non-parenchymal cells were harvested after centri-
fuging at 900 g for 8  min at 4°C. The non-parenchymal 
cell pellet was resuspended in 15% OptiPrep buffer and 
transferred to a 15-ml centrifuge tube. Then, 5 ml of 11.5% 
OptiPrep and 2 ml of Gey's Balanced Salt Solution (GBSS; 
Sigma-Aldrich) were sequentially layered onto the cell 
suspension. After spined at 2000 g for 20 min at 4°C with 
low acceleration, HSCs between the 11.5% OptiPrep and 
GBSS were carefully collected. These cells were washed 
twice (800 g for 10 min, 4°C) and then seeded with culture 
medium (1% Glutax, 10% FBS, and 2% penicillin/strepto-
mycin) at 37°C. Cryopreserved human stellate cells (pas-
sage 1) were received from Lonza.

4.8  |  siRNA transfection

siRNA-cGAS (Cat. No. J-015607-17-0002; Horizon 
Discovery) was mixed with RNAiMAX reagent. This mix-
ture was co-cultured with human HSCs or hepatocytes 
(20 pmol siRNA for 0.1 × 106 cells) for 24 h.

4.9  |  Quantification of bacterial DNA 
using real-time PCR

A Femto Bacterial DNA Quantification Kit was used to 
measure bacterial DNA abundance, according to the man-
ufacturer's instructions (Cat. No. D4301, Zymo Research).

4.10  |  Immunofluorescent staining

Immunostaining was performed as previously described. 
Briefly, mouse liver frozen sections (4–6  mm thickness) 
were fixed with cold acetone for 20  min. After treated 
with 5% normal donkey serum for 60 min at RT, antibod-
ies (diluted 1:100–1:500 in PBS) were added to the samples 
for overnight incubation at 4°C. DAPI was used to stain 
nucleus for 10 min at RT. The Leica SP8 Confocal micro-
scope was used to take images.

4.11  |  Liver histology analysis

Liver sections were analyzed by H&E, Sirius Red, or 
Masson's trichrome staining at UCSD Moore Cancer 
center histology core. The NanoZoomer slide scanner was 
used to scan images. The Sirius red positive areas were 
measured by imageJ. Steatosis in more than 5% of hepato-
cytes is necessary for a diagnosis of NAFLD.

4.12  |  RNAscope in situ hybridization 
(ISH) combined with immunofluorescence

RNAscope ISH assays were used to detect 16s RNA. Liver 
cryosections (10  µm thickness) were fixed with 4% PFA 
for 15 min at 4℃, After dehydrated with 50%, 70%, and 
100% ethyl alcohol gradients sequentially (5 min for each 
step, RT), the sections were treated by hydrogen peroxide 
(ACDBio; 10 min) and then protease IV (ACDBio; 10 min) 
at RT. Then, slides were incubated with 16s RNA probes 
(ACDBio) for 2 h at 40°C. The slides were then incubated 
with signal amplification and detection reagents (AMP 
1, AMP 2, AMP 3, HRP-C1, Opal 520; ACDBio). Finally, 
the slides were immediately processed for immunofluo-
rescence, and images were taken using the Leica SP8 
Confocal microscope. Human liver sections (5 µm thick-
ness) were obtained from the University of Minnesota 
Liver Tissue and Cell Distribution Service (UM-LTCDS).

4.13  |  HSC proliferation assay

HSC proliferation assay is performed by flow cytometry. 
Briefly, after the HSCs were obtained from lean Mki67 
mice as described above, the cells were cultured with the 
conditional medium derived from lean mouse hepato-
cytes treated with NASH gut mEVs or empty liposomes. 
After 48  h, the population of RFP+ (Ki67+) HSCs was 
measured by flow cytometric analysis. Similarly, lean 
healthy human HSCs were cultured with the conditional 
medium derived from healthy human hepatocytes treated 
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with NASH mEVs or empty liposomes. After 48 h, human 
HSCs were intracellularly stained with anti-Ki67 anti-
body, and Ki67+ HSC population was measured by flow 
cytometric analysis. HSCs without hepatocyte-derived 
conditional medium were used as controls.

4.14  |  Quantitative reverse transcriptase-
polymerase chain reaction (RT-
PCR) analysis

The Quick-RNA Microprep kits (Zymo Research) were 
used to purified total RNAs from tissues or cells. RNA 
concentration was measured using a NanoDrop spectro-
photometer. SuperScript III and random hexamers were 
used for reverse transcription reactions. iTaq SYBR Green 
supermix was used for quantitative PCR on a StepOnePlus 
Real-Time PCR Systems (ThermoFisher Scientific).

4.15  |  Western blot analysis

Proteins were extracted from tissues or cells with RIPA 
lysis buffer and then concentration was determined by 
DC™ protein assays (BIO-RAD Laboratories). After pro-
cessed with 4x Laemmli protein sample buffer (BIO-RAD 
Laboratories), the protein samples were loaded onto Mini-
PROTEAN TGX precast gels (BIO-RAD Laboratories). 
After gel electrophoresis, proteins were then transferred 
to a PVDF membrane and blocked using 5% non-fat milk 
for at least 30  min. Primary antibodies were incubated 
with membranes overnight at 4°C. After incubated with 
secondary antibody at room temperature for 45 min, the 
signal intensity was measured with chemiluminescent 
substrates on a ChemiDoc imaging system (BIO-RAD 
Laboratories).

4.16  |  Statistical analysis

The results were obtained from ≥2 independent experi-
ments, and the data are expressed as the mean  ±  SD. 
p values of 0.05 or less indicate statistical differences. 
Statistical analyses were measured with unpaired two-
tailed Student's t test using Prism8 software.
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