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A B S T R A C T   

Nogo-B is an endoplasmic reticulum-residential protein with distinctive functions in different diseases. However, 
it remains unclear the role of Nogo-B in liver sterile inflammatory injury. This study aims to elucidate the 
functions and mechanisms in liver ischemia and reperfusion injury (IRI). The Nogo-B expression and liver 
function were analyzed in biopsy/serum specimens from 36 patients undergoing ischemia-related hepatectomy 
and in a mouse model of liver IRI. Human specimens were harvested prior to ischemia and post-reperfusion. The 
Nogo-B knockout (Nogo-BKO) and myeloid-specific Nogo-B knockout (Nogo-BMKO) mice were used to analyze the 
function and mechanism of Nogo-B in a mouse model of liver IRI. In human specimens, the Nogo-B expression 
was positively correlated with higher levels of serum transaminase (sALT) and severe histopathological injury at 
one day post-hepatectomy. Moreover, Nogo-B is mainly expressed on macrophages in normal and ischemic liver 
tissues from human and mice. Unlike in controls, the Nogo-BKO or Nogo-BMKO livers was protected against IRI, 
with reduced reactive oxygen species (ROS) production and liver inflammation in ischemic livers. In parallel in 
vitro studies, Nogo-B deficiency reduced M1 macrophage polarization and inhibited proinflammatory cytokines 
(TNF-α, IL-6, MCP-1 and iNOS) in response to LPS or HMGB-1 stimulation. Mechanistic studies showed that 
Nogo-B bound to MST1/2, increased MST1/2, LAST1, and YAP phosphorylation, leading to reduced YAP activity. 
Interestingly, disruption of macrophage YAP abolished Nogo-B deficiency-mediated cytoprotective effects in vitro 
and in vivo. Thus, YAP is crucial for the regulation of macrophage Nogo-B-triggered liver inflammation. Nogo-B 
promotes macrophage-related innate inflammation and contributes to IR-induced liver injury by activating the 
MST-mediated Hippo/YAP pathway, which provides a potential therapeutic target for clinical management in 
liver IRI.   

1. Introduction 

Ischemia and reperfusion injury (IRI) is a major factor in initiating 
liver dysfunction and failure after hemorrhagic shock, liver trans-
plantation, and hepatectomy [1–3]. The multiple molecular mechanisms 
have been identified during the process of liver IRI, which includes 
oxidation-reduction imbalance, calcium overload, and activation of in-
flammatory cells [3–5]. Innate Toll-like receptor 4 (TLR4) plays a key 
role in IR-triggered liver inflammation [6,7]. In the early stage of liver 
IRI, Danger-associated molecular patterns (DAMPs) such as high 
mobility group box 1 (HMGB1), which releases from damaged or dying 

cells, activates TLR4 in liver macrophages (Kupffer cells, KCs) and 
produces reactive oxygen species (ROS) and proinflammatory cytokines, 
including TNF-α and IL-6 [8]. During the reperfusion stage, inflamma-
tory cytokines may further activate the intracellular signaling cascades 
to drive adaptive immune responses leading to hepatocellular damage 
[9]. Thus, inhibition of macrophage TLR4-mediated inflammatory re-
sponses is crucial in alleviating clinical or experimental organ IRI. 

Nogo-B, also known as Reticulon 4B, is a member of the reticulon 
(Rtn) family of proteins that are primarily localized to the endoplasmic 
reticulum. In mammalian cells, there are four Rtn genes, Rtn-1, Rtn-2, 
Rtn-3, and Rtn-4, and each gene encodes multiple isoforms. Rtn-4 can 
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encode three isoform proteins in different tissues: Nogo-A, Nogo-B, and 
Nogo-C. Nogo-A and Nogo-C are highly expressed in the central nervous 
system, and Nogo-C is also present in skeletal muscle [10,11]. Nogo-A is 
well known to inhibit axonal growth and repair, whereas the function of 
Nogo-C remains unclear [10,11]. Nogo-B is found in endothelial and 
smooth muscle cells, and regulates vascular remodeling by enhancing 
migration of endothelial cells; in pathological vascular conditions, 
Nogo-B inhibits migration and proliferation of smooth muscle cells [10, 
12,13]. In mice and rabbits, neointimal expansion of injured blood 
vessels is associated with a marked reduction in endogenous Nogo-B 
levels, suggesting that Nogo-B negatively regulates the extent of 
vascular injury. Moreover, loss of Nogo-B strongly correlates with ste-
notic lesions and plaque rupture in humans [12,14,15]. Indeed, Nogo-B 
is highly expressed on nonparenchymal cells (NPCs) while minimally 
expressing in hepatocytes of normal human liver tissues [16]. However, 
Nogo-B can be detected in hepatocytes in mouse livers after partial 
hepatectomy, and has been shown to facilitate hepatocyte proliferation 
and liver regeneration [17]. Furthermore, Nogo-B is also highly 
expressed in other tissues, especially in the immune system. A large and 
growing number of studies have illustrated that Nogo-B is essential for 
macrophage infiltration and polarization [18,19], suggesting that 
Nogo-B may be key in the modulation of macrophage-mediated in-
flammatory response in acute liver inflammatory injury. 

As hepatic IRI is characterized by acute sterile inflammation and 
hepatocellular damage [3], we hypothesized that Nogo-B may be 
involved in liver IRI. First, the Nogo-B expression was assessed in normal 
and IRI human/mice livers. Second, the normal or IR-induced Nogo-B 
distribution was determined in human/mice livers. Third, the functional 
roles and molecular mechanisms of Nogo-B were tested in liver IRI using 
Nogo-B knockout (Nogo-BKO) and myeloid-specific Nogo-B knockout 
(Nogo-BMKO) mice. 

2. Materials and methods 

2.1. Patients and clinical study 

The study was approved by the Research Ethics Committee of the 
First Affiliated Hospital of Nanjing Medical University, Nanjing, China 
(Institutional Review Board approval number 2018-SRFA-197). Biopsy 
specimens were obtained from 36 patients (Supporting Table 1) with 
benign liver disease undergoing hepatectomy with pringle maneuver 
(January 2018–December 2018, Hepatobiliary Center, the First Affili-
ated Hospital of Nanjing Medical University). Pre-hepatectomy hepatic 
biopsies were harvested after laparotomy (prior to hepatic portal oc-
clusion) and post-hepatectomy hepatic biopsies were obtained after 
reperfusion (prior to abdominal closure). Ischemic time was from 15 to 
30 min (min). The serum alanine aminotransferase (sALT and sAST) 
levels were analyzed at 1 day after resection. Informed consent was 
obtained from all participants. 

2.2. Mouse model of warm liver IRI 

Male, 6–8 week old, wild-type (WT), Nogo-B knockout (Nogo-BKO), 
FloxP-Nogo-B (Nogo-BFL/FL), Lyz2-Cre or myeloid-specific Nogo-B 
knockout (Nogo-BMKO) mice on C57BL/6 background (Nanjing 
Biomedical Research Institute of Nanjing University) were used in the 
experiments. Nogo-BFL/FL mice were bred with myeloid-specific Cre 
(Lyz2-Cre) mice to create Nogo-BMKO mice. Briefly, homozygous Nogo- 
BFL/FL mice were first bred with homozygous Lyz2-Cre mice, and the 
heterozygous offspring (for both Nogo-B and Cre) were back-crossed 
with Nogo-BFL/FL mice. We used a well-established mouse model of 
warm hepatic ischemia (90 min) followed by reperfusion (6 h), as pre-
viously described [20,21]. Briefly, an atraumatic clip was used to 
interrupt the arterial and portal venous blood supply to the cephalad 
lobes of the liver. After 90 min of ischemia, the clip was removed, 
initiating hepatic reperfusion. Samples (liver tissues and serum) were 

harvested after 6 h of reperfusion. Sham controls underwent the same 
procedure, but without vascular occlusion. Some mice were injected 
through the tail vein with bone marrow-derived macrophages (BMMs) 
(1 × 106 cells in phosphate-buffered saline/mouse) 24 h prior to 
ischemia, YAP siRNA mixed with mannose-conjugated polymers (Poly-
plus transfection™, Illkirch, France) 4 h prior to ischemia, or YAP in-
hibitor (verteporfin, VP, 0.8 μmol/kg, MedChemExpress, USA) 1 h prior 
to ischemia [21,22]. Levels of sALT and sAST were measured with an 
automated chemical analyzer (Olympus Automated Chemistry Analyzer 
AU5400, Tokyo, Japan). Some liver specimens were fixed in 10% buff-
ered formalin and embedded in paraffin. Liver sections (4 μm) were 
stained with hematoxylin and eosin (HE). The severity of pathological 
injury was graded blindly with a Suzuki’s criteria on a scale from 0 to 4 
[23]. All animal experiments were approved by the Nanjing Medical 
University (NJMU) Animal Research Committee. 

2.3. Statistical analysis 

The significance of differences was determined by an unpaired Stu-
dent’s t-test using Prism software (GraphPad 8.0). Linear regression (R2) 
was used to evaluate the strength of linear relationship between vari-
ables. P values < 0.05 were considered statistically significant. 

For further details regarding the methods and materials, please refer 
to supplementary information. 

3. Results 

3.1. Nogo-B expression is positively correlated with IR-induced liver 
injury 

To determine the role of Nogo-B in the pathogenesis of hepatic IRI, 
we first examined Nogo-B expression levels in liver/serum specimens 
from 36 patients (Table S1) at pre-/post-hepatectomy. Pre-hepatectomy 
hepatic biopsies were harvested after laparotomy (prior to hepatic portal 
occlusion) and post-hepatectomy hepatic biopsies were obtained at 
1.5–2 h after reperfusion (prior to abdominal closure). Ischemic (hepatic 
portal occlusion) time ranged from 15 to 30 min. IR significantly 
increased the expression of Nogo-B mRNA in ischemic livers (Fig. 1A, 
0.87 ± 0.12 and 3.39 ± 0.44, respectively; p < 0.001). This was 
consistent with ELISA data, which showed that serum Nogo-B was 
significantly increased post-hepatectomy compared to the pre- 
hepatectomy (Figs. 1B and 517.7 ± 242.9 and 133.2 ± 161.4 pg/mL, 
respectively, p < 0.001). Unlike the pre-hepatectomy controls, the 
protein expression of Nogo-B was augmented in the post-hepatectomy 
groups (Fig.1C and Fig. S1A, representative of 4 cases). Interestingly, 
post-hepatectomy Nogo-B levels were correlated positively with sALT 
(Fig. 1D: r2 = 0.4364, p < 0.001) and sAST (Fig.1E; r2 = 0.4601, p <
0.001) levels at POD1, suggesting that IR-induced Nogo-B expression 
promoted liver injury. This was further supported by pathological 
evaluation (data not shown). Using a mouse model of liver IRI, we found 
that IR enhanced Nogo-B expression levels of mRNA (Fig. 1F) and pro-
tein (Fig. 1G and Figs. S1B–C) in ischemic livers. Consistent with human 
results, Nogo-B levels were correlated positively with sALT (Fig. S1D; r2 

= 0.7497, p = 0.003) and sAST (Fig. S1E; r2 = 0.7668, p = 0.002) levels 
in the sham and IR groups. 

3.2. Nogo-B is mainly expressed on macrophages in liver tissue 

Previous studies found that Nogo-B is mainly expressed on NPCs but 
not on hepatocytes. However, they did not identify cell type-specific 
expression of Nogo-B [16]. We then isolated KCs, HSCs, and hepato-
cytes from WT mouse livers. Western blotting revealed a high expression 
of Nogo-B on KCs and a low expression of Nogo-B on HSCs and hepa-
tocytes in WT untreated mice (Fig. 2A). Using immunofluorescence 
staining, we found that more strong expression of Nogo-B on KCs than 
Nogo-B expression on hepatocytes in mouse liver sections (Fig.2B and 
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Fig. S2A). In human liver, dual-immunofluorescence staining also 
showed that Nogo-B is mainly expressed on KCs (Fig.2C and Fig. S2B). 
Furthermore, immunofluorescence staining revealed an increase of 
macrophage Nogo-B expression and macrophage infiltration in mouse 
ischemic livers (Fig. 2D). 

3.3. Nogo-B promotes liver injury in IR-stressed livers 

Next, we investigated the functional role of Nogo-B in hepatic IRI 
using Nogo-BKO mice. Unlike in the WT group, Nogo-B-deficient mice 
were effectively resistant to liver IRI, as evidenced by reduced sALT and 
sAST levels (Fig. 3A) and well-preserved hepatic architecture, including 
less sinusoidal congestion, edema, vacuolization or necrosis (Fig. 3B) in 
Nogo-BKO mice, which correlated with Suzuki’s histological grading of 
liver IRI (Fig. 3C). To determine whether Nogo-B may affect cell 
apoptosis during liver reperfusion, TUNEL staining was used to analyze 
hepatocellular apoptosis in ischemic livers. Nogo-B deletion signifi-
cantly reduced frequency of TUNEL positive cells compared to the WT 
controls (Figs. S3A–B). Western blot analysis indicated that Nogo-B 
deficiency upregulated the expression of p-AKT, Bcl-2, and Bcl-xl, but 
downregulated cleaved caspase-3 expression in ischemic livers 
compared to the WT controls (Figs. S3C–D). 

As IR activates liver macrophages and promotes production of ROS 

and proinflammatory cytokines to trigger sterile inflammatory re-
sponses and hepatocellular damage [7,8,21], We then determined the 
roles of Nogo-B on IR-mediated oxidative stress. The intracellular ROS 
production was measured with the ROS-sensing dye dihydroethidium 
(DHE). We found a reduced level of ROS in the Nogo-BKO groups 
compared to the WT controls (Fig. S3E). Consistent with this result, 
Nogo-B deficiency decreased the level of MDA and increased GSH ac-
tivity in ischemic livers (Figs. S3F–G). Moreover, Nogo-B deficiency 
increased the expression of antioxidant genes (MnSOD and HO-1) in 
ischemic tissues (data not shown). MPO activity, which reflects 
neutrophil activity, was significantly decreased after reperfusion in 
Nogo-BKO livers as compared to the WT controls (Fig. S3H). Moreover, 
disruption of Nogo-B inhibited the expression of TNF-α, IL-6, MCP-1 and 
iNOS while increasing IL-10 expression in ischemic livers (Fig. 3D). 
Nogo-B deficiency reduced CD68+ (Fig. 3E) macrophage and Ly6G+
(Fig. 4F) neutrophil accumulation in ischemic livers, as compared with 
WT controls. 

3.4. Myeloid Nogo-B deficiency attenuates IR-induced liver inflammation 

To test functional role of macrophage Nogo-B in IR-induced liver 
inflammation and injury, we used the Cre-Loxp system to create a 
myeloid-specific Nogo-B-deficient (Nogo-BMKO) strain. Indeed, high 

Fig. 1. IR-triggered Nogo-B expression is 
positively correlated with liver injury in 
human/mice ischemic liver. Human biopsies 
(N = 36) were harvested after laparotomy 
(prior to hepatic portal occlusion) and post- 
hepatectomy (prior to abdominal closure): 
ischemic time, 15–30 min; reperfusion time, 
1.5–2 h. Mice samples (N = 6) were har-
vested after 90 min of ischemia and 6 h of 
reperfusion. (A) qRT-PCR analysis of Nogo-B 
gene expression levels of in human livers; 
(B) ELISA analysis of Nogo-B in human 
serum; (C) Western blotting analysis of 
Nogo-B protein expression in human livers 
(representative 4 cases); (D) and (E) The 
ratio of post-hepatectomy Nogo-B/Hprt 
correlated positively with sALT and sAST at 
POD1; (F) Nogo-B gene expression levels 
were determined by qRT-PCR in livers from 
sham and IR mice; (G) Western blotting 
analysis of Nogo-B protein expression in 
mice livers. **p < 0.01 by Student’s t-test.   
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expression of Nogo-B was found in liver macrophages from the Nogo- 
BFL/FL mice (Fig.4A and Fig. S6C). However, the Nogo-B protein 
expression was lacking in liver macrophages from the Nogo-BMKO mice 
(Fig.4A and Fig. S6C). Consist with the results from the Nogo-BKO mice, 
myeloid Nogo-B deficiency significantly reduced IR-induced ROS and 
MDA production and enhanced GSH activity in ischemic livers (Fig. 4B). 
Unlike the Nogo-BFL/FL controls, Nogo-BMKO exhibited reduced IR- 
induced liver MPO activity (Fig. 4C) and proinflammatory TNF-α, IL- 
6, MCP-1, and iNOS, but increased anti-inflammatory IL-10 expression 
in ischemic livers (Fig. 4D). Disruption of myeloid Nogo-B clearly 
reduced CD68+ macrophage (Fig. 4E) and Ly6G + neutrophil (Fig. 4F) 
infiltration in ischemic livers compared to the Nogo-BFL/FL controls. 
Most importantly, Nogo-BMKO protected mice against IR-induced liver 
injury, as evidenced by lower sALT (Fig. 4G) and sAST (Fig. S4A) levels 
and well-preserved hepatic architecture (lower Suzuki scores in HE 
staining) compared to the Nogo-BFL/FL controls (Fig. 4H). This was 
further supported by TUNEL staining, which showed that Nogo-BMKO 

mice exhibited reduced hepatocellular apoptosis in ischemic livers 
(Fig. S4B). The expression of anti-apoptotic proteins p-AKT, Bcl-2, and 
Bcl-xl were increased, and the levels of pro-apoptotic protein cleaved- 
caspase-3 were decreased in Nogo-BMKO livers compared to the Nogo- 
BFL/FL controls (Figs. S4C–D). These results suggest that myeloid Nogo-B 

deficiency reduces IR-induced liver oxidative stress and inflammatory 
responses and attenuates hepatocellular damage after liver IRI. 

3.5. Synergistic action of liver resident and infiltrating macrophages is 
required for Nogo-B-mediated liver inflammatory injury 

To determine the role of Nogo-B on infiltrating cells versus resident 
KCs in contributing to IR-induced liver injury, we treated lethally irra-
diated Nogo-BFL/FL or Nogo-BMKO mice with Nogo-BFL/FL or Nogo-BMKO 

BMMs to generate four groups of chimeric mice: Nogo-BFL/FL mice with 
Nogo-BFL/FL BMMs, Nogo-BFL/FL mice with Nogo-BMKO BMMs, Nogo- 
BMKO mice with Nogo-BFL/FL BMMs, and Nogo-BMKO mice with Nogo- 
BMKO BMMs. Liver dual staining of CD68 and Nogo-B demonstrated 
chimeric mice were successfully established (Fig. 5A). These chimeric 
mice were subjected to 90 min of ischemia followed by 6 h of reperfu-
sion. Corroborating results showed that macrophage Nogo-B promotes 
IR-induced liver injury, as evidenced by lower levels of sALT and sAST in 
Nogo-BMKO mice reconstituted with Nogo-BMKO BMMs but not Nogo-BFL/ 

FL BMMs (Fig. 5B and C). Interestingly, Nogo-BMKO mice transplanted 
with Nogo-BFL/FL BMMs (or Nogo-BFL/FL mice transplanted with Nogo- 
BMKO BMMs) showed less liver damage compared to the Nogo-BFL/FL 

mice reconstituted with Nogo-BFL/FL BMMs (Fig. 5B and C). Moreover, 

Fig. 2. Nogo-B is primarily expressed on macro-
phages in liver tissue. (A) Cell type-specific 
expression of Nogo-B in livers of wild-type (WT) 
mice. Protein lysates were prepared from hepato-
cytes, KCs, or HSCs and subjected to western blot 
analysis of Nogo-B and GAPDH. (B) Dual immu-
nofluorescence staining of CD68 (green), Nogo-B 
(red), and DAPI (blue) in mice livers. (C) Dual 
immunofluorescence staining of CD68 (green), 
Nogo-B (red), and DAPI (blue) in human livers. (D) 
Dual immunofluorescence staining of CD68 
(green), Nogo-B (red), and DAPI (blue) in sham 
livers and ischemic reperfusion livers. Scale is 100 
μm. Representative of three experiments. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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much less liver injury was found when Nogo-B was deleted in infiltrating 
and resident macrophages. These results imply that Nogo-B aggravates 
liver inflammation and injury via its synergetic action in both liver 
resident KCs and infiltrating macrophages. These results were further 
confirmed by histology data (Fig. 5D). We next analyzed inflammatory 
cytokine gene expression in ischemic livers. Fig. 5E showed Nogo-BMKO 

mice with Nogo-BMKO BMMs had reduced levels of proinflammatory 
cytokines (TNF-α and iNOS) and increased levels of the anti- 
inflammatory cytokine IL-10 as compared with the other three groups. 
Thus, our findings support the hypothesis that Nogo-B has an adverse 
effect on the liver, which is mainly dependent on both resident KCs and 
infiltrating macrophages during IR-induced liver injury. 

3.6. Macrophage Nogo-B deficiency diminishes sterile inflammation 

It is known that TLR4-mediated innate immunity initiates IR- 
triggered liver inflammation, activates NF-κB and proinflammatory 
mediators, resulting in local sterile inflammation [3,4,20,21,24]. We 
examined the effects of Nogo-B deficiency on the inflammatory program 
in vitro. Indeed, Nogo-BKO macrophages displayed decreased expression 
of TNF-α, IL-6, MCP-1, and iNOS and increased expression of IL-10 in 
response to LPS or HMGB1 stimulation (Fig. 6A). ELISA data confirmed 
that Nogo-B ablation inhibited TNF-α while enhancing IL-10 expression 
followed by LPS or HMGB-1 (Fig. 6B). Moreover, Nogo-BKO appeared 
reduced phosphorylation of ERK and p38 in LPS- or HMGB-1-stimulated 
macrophages. However, increased AKT phosphorylation was found in 
the Nogo-BKO but not the WT macrophages (Fig.6C and Fig. S5A). 
Nogo-B deletion decreased TLR4 expression and inhibited NF-κB acti-
vation following LPS or HMGB-1 challenge (Fig.6C and Fig. S5A). 
Interestingly, the M1 macrophage polarization was significantly 
decreased in Nogo-BKO macrophages after LPS stimulation compared to 

the WT macrophages (Fig. 6D). However, the M2 macrophage polari-
zation was no change between Nogo-BKO and WT groups after IL-4 
treatment (Figs. S5B–C). 

3.7. MST-mediated Hippo/YAP signaling is critical in regulating 
macrophage Nogo-B-induced inflammatory response 

Immunoprecipitation (IP) assays were performed to explore the po-
tential binding proteins of Nogo-B (Fig. S6A). Mass spectrometry and co- 
immunoprecipitation showed the MST1/2 protein was captured by 
Nogo-B (Fig. 7A). Confocal immunofluorescence analysis further 
demonstrated that Nogo-B and MST1/2 were co-located in the cyto-
plasm of BMMs (Fig. 7B). Western blotting revealed that Nogo-B dele-
tion markedly inhibited phosphorylation of MST1/2 and decreased the 
p-MST1/2:MST1/2 ratio (Fig. 7C and D). Moreover, Nogo-B deficiency 
inhibited phosphorylation of LATS1 and YAP and reduced the p-LAST1: 
LATS1 and p-YAP: YAP ratios (Fig. 7C and D). Double staining showed 
that Nogo-B deficiency promoted nuclear import of YAP (Fig. 7E and F). 
This was further confirmed by western blots, which indicated that nu-
clear YAP expression was increased in Nogo-BKO BMMs compared to the 
WT controls after LPS or HMGB-1 treatment (Fig.7G and Fig. S6B). We 
then isolated KCs from ischemic livers in the Nogo-BMKO and Nogo-BFL/ 

FL mice. Consistently, reduced p-MST1/2, p-LATS1, p-YAP, and 
augmented YAP expression were observed in the Nogo-BMKO but not the 
Nogo-BFL/FL KCs (Figs. S6C–D). Nogo-B deficiency significantly 
decreased phosphorylation of NF-κBp65 in LPS- or HMGB-1-stimulated 
BMMs or IR-stressed KCs, as compared with the controls (Fig. 7C and 
Figs. S6C–D). To test whether Nogo-B-induced inflammatory response is 
dependent on MST-mediated Hippo/YAP signaling, the Nogo-BKO BMMs 
were transfected with YAP siRNA and stimulated with LPS or HMGB-1. 
YAP siRNA effectively inhibited Nogo-B deletion-induced YAP 

Fig. 3. Nogo-B promotes liver injury in IR-stressed livers. WT and Nogo-BKO mice were used to establish liver IRI. Samples were harvested after 90 min ischemia and 
6 h of reperfusion. (A) sALT and sAST levels were measured from sham and IRI groups. (B) Representative histological staining (HE) of ischemic liver tissue. Scale is 
100 μm. (C) Liver damage was evaluated by Suzuki’s histological score. (D) Detection of cytokines TNF-α, IL-6, MCP-1, iNOS, and IL-10 by qRT-PCR in ischemic 
livers. (E and F) Macrophage and neutrophil infiltration were analyzed by immunohistological staining with antibodies against CD68 and Ly6G, respectively. CD68+

and Ly6G + cells were quantitated by counting numbers of positive cells/area. Scale is 100 μm. N = 6, *p < 0.05, **p < 0.01 by Student’s t-test. 
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expression (Fig. 7E and F), which was confirmed by western blots 
(Fig.7G and Fig. S6E). YAP siRNA treatment increased TNF-α, IL-6, MCP- 
1, and iNOS but reduced IL-10 expression in Nogo-BKO BMMs compared 
to the NS siRNA controls after LPS stimulation (Fig. 7G), suggesting that 
disruption of macrophage Hippo/YAP signaling restores Nogo-B- 
induced inflammatory response. 

3.8. Inhibition of YAP abolishes the beneficial effects of macrophage 
Nogo-B deficiency in IR-induced liver injury 

To further elucidate whether Nogo-B-mediated adverse effects was 
dependent on MST-mediated Hippo/YAP signaling in IR-stressed liver 
injury, Nogo-BMKO mice were injected via the tail vein with YAP siRNA 
mixed with mannose-conjugated polymers or YAP inhibitor. YAP siRNA 
and Verteporfin (VP) effectively inhibited YAP expression (Figs. S6E–F). 
In the liver IRI model, the sALT and sAST levels were significantly 
increased in Nogo-BMKO mice after YAP siRNA or VP treatment, as 
compared with the control groups (Fig. 8A and B). These results were 
correlated with Suzuki’s histological grading of IR-induced liver injury 

(Fig. 8C), which showed that the livers of Nogo-BMKO mice treated with 
NS siRNA displayed mild to moderate edema without significant ne-
crosis. In contrast, livers in the mice with YAP siRNA or VP treatment 
showed significant edema, severe sinusoidal congestion/cytoplasmic 
vacuolization, and extensive necrosis, similar to the Nogo-BMKO mice 
(Fig. 8C). We then analyzed cytokine gene expression in the ischemic 
livers. YAP siRNA or VP treatment in the Nogo-BMKO mice augmented 
the expression of proinflammatory cytokines (TNF-α and iNOS) and 
reduced expression of the anti-inflammatory cytokine IL-10 compared to 
the NS siRNA-treated controls (Fig. 8D). Moreover, YAP siRNA or VP 
treatment significantly increased the expression of M1 macrophages 
markers (iNOS, NOS2, CD80, and CD86) (Fig. 8D and Fig. S7). Taken 
together, our results suggest that Nogo-B-related adverse effects may be 
dependent on the activation of MST-mediated hippo/YAP signaling 
during liver IRI. 

4. Discussion 

This study first documents that Nogo-B expression is correlated with 

Fig. 4. Myeloid Nogo-B deficiency attenuates ischemic reperfusion-induced liver inflammation and injury. Nogo-BFL/FL and Nogo-BMKO mice were used to establish 
liver IRI. Samples were harvested after 90 min ischemia and 6 h of reperfusion. (A) Protein lysates were prepared from isolated KCs (untreated mice) and subjected to 
western blot analysis of Nogo-B and GAPDH. (B) Quantitation of ROS-sensing dye DHE staining, MDA, and GSH activities were assessed in ischemic liver tissues. (C) 
MPO activities were assessed in ischemic liver tissues. (D) Detection of cytokines TNF-α, IL-6, MCP-1, iNOS, and IL-10 by qRT-PCR in ischemic livers. (E and F) 
Macrophage and neutrophil infiltration were analyzed by immunohistological staining with antibodies against CD68 and Ly6G, respectively. CD68+ and Ly6G + cells 
were quantitated by counting numbers of positive cells/area. Scale is 100 μm. (G) sALT levels were measured from the IRI groups. (H) Representative histological 
staining (HE) of ischemic liver tissue; liver damage was evaluated by Suzuki’s histological score. N = 6, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. 
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clinical outcomes in human livers after IR. High Nogo-B expression is 
associated with worse preserved liver histopathology and hepatocellular 
function in hepatectomy patients. In a murine liver IRI model, Nogo-B is 
mainly expressed on KCs and plays a critical role in TLR4-mediated in-
flammatory responses during liver IRI. IR stress activates KC Nogo-B, 
which promotes IR-triggered liver inflammation. Indeed, macrophage 
Nogo-B deficiency decreases sALT and sAST levels, preserves hepatic 
architecture, upregulates anti-oxidative gene program, limits TLR4- 
mediated inflammatory responses, and ameliorates hepatocellular ne-
crosis/apoptosis. Using primary mouse macrophages treated with TLR4 
ligands (LPS or HMGB-1), disruption of Nogo-B reduces ROS production, 
diminishes TLR4-mediated inflammation, and inhibits M1 macrophage 

polarization. Moreover, activation of Nogo-B augmented MST1/2, 
LAST1, and YAP phosphorylation, reduces nuclear YAP, and induces 
TLR4-driven inflammation in macrophages. Taken together, macro-
phage Nogo-B promotes IR-induced liver inflammatory injury by acti-
vating the MST-mediated Hippo-YAP pathway. 

Nogo-B is known to play important roles in pathological vascular 
conditions in response to vascular injuries, such as ischemia and 
atherosclerosis [12,18,25]. In addition, overexpression of the soluble 
Nogo-B, which binds to Nogo-B receptor (NgBR), improved diabetic 
glomerulopathy as evidenced by a reduction in albuminuria [26]. The 
Nogo-B has been also studied in some chronic liver diseases, including 
the roles of myofibroblast Nogo-B in liver fibrosis [16], Nogo-B in 

Fig. 5. Synergetic action of liver resident and infiltrating cells are required for Nogo-B to IR-induced liver injury. We treated lethally irradiated Nogo-BMFL/FL or 
Nogo-BMKO mice with Nogo-BFL/FL or Nogo-BMKO BMMs to generate four groups of chimeric mice: Nogo-BFL/FL mice with Nogo-BFL/FL BMMs, Nogo-BFL/FL mice with 
Nogo-BMKO BMMs, Nogo-BMKO mice with Nogo-BFL/FL BMMs, and Nogo-BMKO mice with Nogo-BMKO BMMs. These mice were established liver IRI. Samples were 
harvested after 90min ischemia and 6h of reperfusion. (A) Dual immunofluorescence staining of CD68 (green), Nogo-B (red), and DAPI (blue) in chimeric mice livers. 
Scale is 100 μm. (B) sALT and (C) sAST levels were measured from sham and IRI groups. (D) Representative histological staining (H&E) of ischemic liver tissue; Liver 
damage was evaluated by Suzuki’s histological score. (E) Detection of cytokines TNF-α, iNOS and IL-10 by qRT-PCR in ischemic livers. N = 6, *P < 0.05, **P < 0.01, 
***P < 0.001 by Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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hepatocyte proliferation and liver regeneration [17], and Nogo-B in 
alcoholic liver disease [19]. Although studies have shown that Nogo-B is 
necessary for macrophage-mediated inflammatory response and acute 
organ injury, little is known the functional roles and molecular mech-
anisms of Nogo-B in acute inflammatory liver injury, such as liver IRI. 
Our current study demonstrates novel roles and potential mechanisms of 
Nogo-B in acute inflammatory liver injury. 

As Nogo-B plays an important role in human liver IRI, we then used a 
mouse model of liver IRI to determine the function of Nogo-B in ischemic 
livers. Consistent with human data, IR stress enhanced hepatic endog-
enous Nogo-B expression in mouse livers, which was positively corre-
lated with liver injury. It is plausible that Nogo-B induction progresses in 
parallel with IR-mediated hepatocellular damage. Previous studies re-
ported that Nogo-B was highly expressed in NPCs and minimally 
expressed in hepatocytes in human and rat livers. However, it is unclear 
for the cell type-specific Nogo-B expression in injured livers [16]. Using 
Nogo-B/CD68 double immunofluorescence staining, we demonstrated 
that Nogo-B is mainly expressed on macrophages in normal or ischemic 
liver tissues. 

To analyze the function of Nogo-B, we determined the degree of 
damage of ischemic livers in the WT and Nogo-BKO mice. Strikingly, 
Nogo-B deficiency markedly attenuated liver IRI, evidenced by reduced 
levels of serum transaminase, well-preserved hepatic architecture, and 
diminished hepatocellular necrosis/apoptosis, whereas Nogo-B deletion 
decreased ROS production, inhibited pro-inflammatory cytokines, and 
dampened CD68+ macrophage/Ly6G + neutrophil infiltration. As Nogo- 
B is mainly expressed on KCs, we used the Cre-Loxp system to create a 
myeloid-specific Nogo-B-deficient strain to analyze the functional role of 

macrophage Nogo-B in liver IRI. Expectedly, macrophage Nogo-B 
ablation attenuated IR-induced liver oxidative stress, inflammatory re-
sponses, and hepatocellular damage. It is known that hepatic macro-
phages include resident/innate macrophages and monocyte derived/ 
infiltrating macrophages, which have different functions in various 
diseases process. In N-acetyl-p-aminophenol (APAP)-induced acute liver 
injury, infiltrating monocyte-derived macrophages and resident KCs 
display different ontogeny and functions [27]. In acute and chronic liver 
injury, the intrahepatic macrophage count is massively expanded 
following the influx of peripheral monocytes rather than augmentation 
of tissue-resident macrophages [28,29]. In addition, tissue macrophages 
are notoriously difficult to eliminate from tissues, including nervous 
tissues, heart tissues, and liver tissues [30,31]. Consistent with these 
results, we demonstrated that Nogo-BMKO mice transplanted with 
Nogo-BFL/FL BMMs (or Nogo-BFL/FL mice transplanted with Nogo-BMKO 

BMMs) showed less liver damage compared to the Nogo-BFL/FL mice 
reconstituted with Nogo-BFL/FL BMMs. Thus, our data suggests that 
synergetic action of liver resident and infiltrating macrophages is 
required for Nogo-B-mediated liver inflammatory injury after IR. 

Hepatic macrophages are crucial in triggering liver inflammation. 
Activation of hepatic macrophages results in the release of several in-
flammatory mediators, which contributes directly and indirectly to he-
patocyte killing. Moreover, the release of intracellular constituents from 
stressed/necrotic cells due to whatever cause (e.g., hypoxia, chemicals) 
precludes hepatic macrophage activation [3,5,32]. In liver IRI, the 
liberation of “danger” signals from inflamed, necrotic or hypoxic pa-
renchyma cells directly contributes to KC activation. These DAMPs bind 
to pattern recognition receptors (PRRs). HMGB-1 is a main ligand of 

Fig. 6. Macrophage Nogo-B deficiency diminishes sterile inflammation. BMMs were isolated from WT and Nogo-BKO mice. (A) Gene expression levels of TNF-α, IL-6, 
MCP-1, iNOS and IL-10 by qRT-PCR in BMMs cultured with LPS (100 ng/mL, 3 h) and rHMGB-1(1 μg/mL, 3 h) medium. (B) Protein levels of TNF-α and IL-10 were 
measured by ELISA in culture supernatants after LPS (100 ng/mL, 24 h) or rHMGB-1 (1 μg/mL, 24 h) stimulation. (C) p-ERK, ERK, p-P38, P38, p–NF–κBp65, NF- 
κBp65, p-AKT, and AKT protein expression levels measured by western blot. Representative of three experiments. BMMs were treated with LPS (100 ng/mL) or 
rHMGB-1 (1 μg/mL) stimulation for 6 h; untreated BMMs were used as controls. (D) BMMs were differentiated into M1 macrophages (CD11b + F4/80+CD11c+) with 
LPS treatment (100 ng/mL, 24 h); Flow cytometry-assisted detection of M1 representative of three experiments. N = 6, *p < 0.05, **p < 0.01, ***p < 0.001 by 
Student’s t-test. 
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TLR4 during IR of most organs, such as liver, heart, and kidney [8, 
33–35]. Exogenous DAMPs (e.g., HMGB-1) accumulating in the anhe-
patic phase of liver transplantation through translocation of intestinal 
microbes have been shown to play a role in TLR4-mediated acute liver 
injury (ALI) [36,37]. To mimic the function of macrophages in liver IRI, 

we used LPS or HMGB-1 stressed primary macrophage cultures. Our 
results demonstrated that either LPS or HMGB-1 stimulation triggered 
Nogo-B expression, whereas macrophage Nogo-B deficiency signifi-
cantly reduced TNF-α, IL-6, MCP-1, and iNOS expression and increased 
IL-10 expression. Moreover, Nogo-B ablation inhibited TLR-4-driven 

Fig. 7. MST-mediated Hippo/YAP signaling is critical in regulating macrophage Nogo-B-induced inflammatory response. (A) Lysates of BMMs were immunopre-
cipitated with anti-MST1/2 or Nogo-B antibody, and Nogo-B or MST1/2 protein was examined using western blotting analysis. MST1/2 was detected in the 
immunoprecipitated Nogo-B complex, but not in the IgG control sample. Representative of three experiments. (B) Immunofluorescence staining for macrophage 
Nogo-B (red) and MST1/2 (green) colocalization in the cytoplasm after coculture with LPS (100 ng/mL, 6 h). DAPI was used to visualize nuclei (blue). (C–D) p-MST1, 
MST1, p-LATS1, LATS1, p-YAP, YAP, p–NF–κB p65, and GAPDH protein expression levels measured by western blot in BMMs treated LPS (100 ng/mL, 6 h) or 
rHMGB-1 (1 μg/mL, 6 h). Representative of three experiments. (E–F) Immunofluorescence staining for macrophage Nogo-B (green) and MST1/2 (red) after coculture 
with LPS (100 ng/mL, 6 h) or rHMGB-1 (1 μg/mL, 6 h). Scale is 100 μm. Representative of three experiments. (G) The BMMs (from WT and Nogo-BKO mice) were 
harvested to extract the nucleoprotein after LPS treatment (100 ng/mL, 6h) or rHMGB-1 (1 μg/mL, 6h), YAP and TBP protein expression levels measured by western 
blot. Representative of three experiments. (H) Gene expression levels of TNF-α, IL-6, MCP-1, iNOS and IL-10 by qRT-PCR in BMMs cultured with LPS (100 ng/mL, 3 
h) and rHMGB-1 (1 μg/mL, 3 h) medium. N = 6, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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phosphorylation of ERK, P38, and NF-κB, and upregulated AKT phos-
phorylation. It has been reported that an ethanol diet or LPS injection 
increased the level of M1 type KCs in WT mice and M2 type KCs in 
Nogo-BKO mice [20]. Interestingly, we found that LPS treatment 
increased the level of M1 type macrophages in WT BMMs, whereas IL-4 
treatment did not affect M2 type macrophages in Nogo-BKO BMMs in 
vitro. Although it is unclear why IL-4 treatment did not promote M2 
polarization in Nogo-BKO BMMs, we speculate that Nogo-B deficiency 
restricted the phosphorylation of kinases MST1/2 and LATS1 and 
increased YAP nuclear translocation, leading to inhibition of the M1 
polarization. 

One striking finding was that macrophage Nogo-B and MST1/2 
colocalized in the cytoplasm, and that Nogo-B promoted liver IRI 
through regulation of the MST1/2-mediated Hippo-YAP pathway. The 

Hippo-YAP pathway was initially identified as a regulator of organ size 
by the management of cell proliferation and cell death [38,39]. Acti-
vation of Hippo signaling results in the phosphorylation and inactivation 
of the transcriptional co-activator YAP [40]. YAP exerts its transcrip-
tional activity mostly by interacting with the TEAD family of tran-
scription factors and activating target gene expression [41]. Recently, a 
growing number of studies have shown the immunoregulatory functions 
of Hippo-YAP signaling, including its antimicrobial role in flies, its pro- 
or anti-inflammatory roles in mammals, as well as its relevance to cancer 
immunity [42]. In ischemic heart disease, epicardial YAP/TAZ orches-
trates an immunosuppressive response and attenuates post-myocardial 
infarction pericardial inflammation and myocardial fibrosis [43]. In 
addition, IR stress activated the Hippo core kinase cascade and phos-
phorylated YAP, sequestering YAP to the cytoplasm which in turn 

Fig. 8. Inhibition of YAP abolishes the beneficial effects of macrophage Nogo-B deficiency in liver IRI. Nogo-BFL/FL and Nogo-BMKO mice were established in a liver 
IRI model. Some Nogo-BMKO mice were injected via tail vein with YAP siRNA mixed with mannose-conjugated polymers or YAP inhibitor (verteporfin, VP) prior to 
liver IRI model. (A) sALT and (B) sAST levels were measured from sham and IRI groups. (C) Representative histological staining (HE) of ischemic liver tissue; liver 
damage was evaluated by Suzuki’s histological score. (D) Detection of cytokines TNF-α, iNOS and IL-10 by qRT-PCR in ischemic livers. N = 6, *p < 0.05, **p < 0.01, 
***p < 0.001 by Student’s t-test. 
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triggered liver inflammation [22]. YAP activation attenuated hepato-
cellular oxidative stress and diminished the innate immune response in 
mouse livers following IRI [21]. In the current study, we found that 
Nogo-B deficiency reduced kinase MST1/2 activity, inhibited phos-
phorylation of LATS1 and YAP, increased YAP nuclear translocation 
leading to decreased TLR4-driven inflammation. However, Nogo-B 
deficiency-mediated protection was eliminated with YAP siRNA inter-
vention in vivo and in vitro, suggesting the Hippo-YAP pathway is crucial 
for the mechanism of Nogo-B-triggered liver inflammation. Taken 
together, these results reveal that Nogo-B colocalizes with MST1/2, 
promotes phosphorylation of MST1/2, activates Hippo signaling, and 
enhances TLR4-mediated inflammation. Although the exact mechanism 
is still unclear, such as how Nogo-B regulates kinase MST1/2 activity, 
and how Nogo-B may regulate Rac activation and STAT3 phosphoryla-
tion during the inflammatory response [17,18], our results suggest that 
Nogo-B could be an attractive target for promoting the resolution of 
inflammation during liver injury and for the prevention of parenchymal 
cell death. 

In conclusion, we demonstrate the functional roles of myeloid Nogo- 
B in liver IRI. Nogo-B induces TLR4-driven inflammatory response by 
activating the Hippo-YAP signaling in the ischemic reperfusion-stressed 
liver. By identifying the molecular pathways by which Nogo-B-mediated 
liver inflammation, our findings provide the rationale for novel thera-
peutic approaches to ameliorate ischemic reperfusion-triggered liver 
inflammation and injury. 
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