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Abstract
Background  Nonalcoholic fatty liver disease (NAFLD) is a prevalent chronic liver ailment that can lead to serious 
conditions such as cirrhosis and hepatocellular carcinoma. Hepatic Nogo-B regulates glucose and lipid metabolism, 
and its inhibition has been shown to be protective against metabolic syndrome. Increasing evidence suggests 
that imbalances in the gut microbiota (GM) and lipid metabolism disorders are significant contributors to NAFLD 
progression. Nevertheless, it is not yet known whether Nogo-B can affect NAFLD by influencing the gut microbiota 
and metabolites. Hence, the aim of the present study was to characterize this process and explore its possible 
underlying mechanisms.

Methods  A NAFLD model was constructed by administering a high-fat diet (HFD) to Nogo-B−/− and WT mice from 
the same litter, and body weight was measured weekly in each group. The glucose tolerance test (GTT) and insulin 
tolerance test (ITT) were performed to assess blood glucose levels. At the end of the 12-week period, samples of 
serum, liver, and intestinal contents were collected and used for serum biochemical marker and inflammatory factor 
detection; pathology evaluation; and gut microbiome and metabolomics analysis. Spearman’s correlation analysis was 
performed to determine possible correlations between differential gut microbiota and differential serum metabolites 
between groups.

Results  Nogo-B deficiency attenuated the effects of the HFD, including weight gain, liver weight gain, impaired 
glucose tolerance, hepatic steatosis, elevated serum lipid biochemicals levels, and liver function. Nogo-B deficiency 
suppressed M1 polarization and promoted M2 polarization, thus inhibiting inflammatory responses. Furthermore, 
Nogo-B−/−-HFD-fed mice presented increased gut microbiota richness and diversity, decreased Firmicutes/
Bacteroidota (F/B) ratios, and altered serum metabolites compared with those of WT-HFD-fed mice. During analysis, 
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Introduction
With a high global prevalence of 32%, nonalcoholic fatty 
liver disease (NAFLD) has become the most common 
chronic liver disease and the primary cause of cirrho-
sis and hepatocellular carcinoma (HCC) [1, 2]. NAFLD 
is a metabolic stress-induced liver injury that is closely 
linked to insulin resistance (IR) and genetic susceptibility, 
encompassing a spectrum of diseases ranging from ste-
atosis to nonalcoholic steatohepatitis (NASH), cirrhosis, 
and even HCC [3].

Moreover, NAFLD is bidirectionally associated with 
metabolic syndromes such as obesity, IR, hyperten-
sion, hyperlipidemia, and hyperglycemia, and up to 80% 
of obese patients and 65.04% of diabetic patients can be 
complicated with NAFLD [4, 5].

Mechanically, hepatic steatosis and related inflamma-
tion caused by excessive lipid deposition are important 
mechanisms for the development of NAFLD [6]. Excess 
lipid deposition and metabolic disorders lead to lipotoxic 
lipid formation, which leads to cellular oxidative stress, 
endoplasmic reticulum stress, inflammasome activa-
tion, and apoptotic cell death and subsequently triggers 
inflammation, fibrogenesis and tissue regeneration [7, 8]. 
In addition, the mechanism of the occurrence and pro-
gression of NAFLD is influenced by metabolic, genetic 
and microbial factors [3, 9].

The gut microbiota (GM) is a novel organ that plays a 
crucial role in NAFLD pathophysiology [10]. Specifically, 
a previous study revealed that a dysbiotic microbiome, 
which is considered one of the primary risk factors for 
NAFLD, is frequently observed among obese individuals 
[11]. Furthermore, alterations in the composition of the 
GM are commonly observed in patients with NAFLD, 
and even microbiome signatures are associated with 
advanced fibrosis [12, 13]. Moreover, the influence of 
the GM on NAFLD is inseparable from metabolism, and 
the gut‒liver axis plays a vital role in metabolic diseases 
[10]. A study demonstrated a disruption of bile acid pro-
files in the serum and stool of patients with NASH due 
to reduced microbial diversity and loss of members of 

the GM responsible for the production of secondary bile 
acids [14]. Thus, microbes, metabolism, and their inter-
actions affect the disease progression of NAFLD, and the 
role of the microbiome in metabolic disorders has gained 
increased attention.

Nogo proteins containing Nogo-A, Nogo-B, and Nogo-
C splice variants belong to the reticulon protein family, 
which are expressed mainly on the cell surface and in the 
endoplasmic reticulum (ER) [15, 16]. Each Nogo protein 
splice variant is tissue-dependent, and Nogo-B is the only 
detectable member in the liver and circulation. Nogo-B 
is enriched in most tissues, including the liver, kidney, 
lung, nerve, and blood vessels, and in inflammatory cells, 
such as bone marrow-derived macrophages (BMDMs) 
and human monocytes (CD14+) [17]. Recently, a grow-
ing number of studies have revealed that the Nogo-B 
protein is strongly expressed in activated macrophages 
and may have broader effects on the polarization and 
recruitment of macrophages, potentially contributing to 
inflammatory processes [18, 19]. Yuan Tian et al. demon-
strated that Nogo-B regulates metabolic reprogramming 
of oxidation-modified low-density lipoproteins (oxLDLs) 
through the CD36-Nogo-B-YAP pathway, facilitating the 
progression of hepatitis to HCC [20]. Moreover, Nogo-
B deficiency can effectively ameliorate liver injury and 
fibrosis exacerbated by PPARγ deficiency by inhibit-
ing hepatic stellate cell activation, TLR4-NFκB/TNF-α 
signaling, and M1 macrophage polarization [21]. Thus, 
Nogo-B protein plays a nonnegligible role in liver disease 
progression.

Currently, research on the relationships between Nogo-
B and NAFLD in the gut‒liver axis and the GM and its 
metabolites is limited. Thus, in the present study, we 
established a high-fat diet-induced NAFLD model using 
Nogo-B knockout (KO) mice to identify the impact 
of Nogo-B on the gut microbiota and metabolites in 
NAFLD. We also performed a correlation analysis to 
reveal the associations between differential communities 
and metabolites.

several differential gut microbiota, including Lachnoclostridium, Harryflintia, Odoribacter, UCG-009, and unclassified_f_
Butyricoccaceae, were screened between groups. These microbiota were found to be positively correlated with 
upregulated purine metabolism and bile acid metabolites in Nogo-B deficiency, while they were negatively correlated 
with downregulated corticosterone and tricarboxylic acid cyclic metabolites in Nogo-B deficiency.

Conclusion  Nogo-B deficiency delayed NAFLD progression, as demonstrated by reduced hepatocellular lipid 
accumulation, attenuated inflammation and liver injury, and ameliorated gut microbiota dysbiosis and metabolic 
disorders. Importantly, Odoribacter was strongly positively correlated with ALB and taurodeoxycholic acid, suggesting 
that it played a considerable role in the influence of Nogo-B on the progression of NAFLD, a specific feature of NAFLD 
in Nogo-B−/− mice. The regulation of bile acid metabolism by the gut microbiota may be a potential target for Nogo-B 
deficiency to ameliorate NAFLD.

Keywords  NAFLD, Nogo-B, Gut microbiota, Metabonomics
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Methods
Animals
The overall experimental design is shown in Fig. 1. Wild-
type (WT) mice, Nogo-B−/− mice, and Nogo-B+/− mice 
were C57BL/6J male mice housed in the SPF-grade Lab-
oratory Animal Center of Beijing Biocytogen Co., Ltd. 
(Beijing, China). The Nogo-B−/− mice used in this study 
were previously generated via CRISPR/Cas9 technology 
[22]. According to the first exon base sequence of Nogo-
B gene, sgRNA targeting Nogo-B was designed, sgRNA 
expression plasmid was constructed, and sgRNA and 
Cas9 mRNA were transcribed in vitro for microinjection 

into the fertilized eggs of C57BL/6 mice. Gene sequenc-
ing was used to detect the mutation of Nogo-B gene base, 
total protein was extracted from mouse liver homog-
enate, and the expression of Nogo-B in liver was detected 
by Western Blot, thus confirming the successful knockout 
of Nogo-B gene. Compared with wild-type mice, Nogo-
B knockout mice presented no significant differences in 
liver function indices (aminotransferases, bilirubin, albu-
min and alkaline phosphatase). To obtain WT mice and 
Nogo-B−/− mice from the same litter and of the same age, 
hybridization was performed on the Nogo-B+/− mice, fol-
lowed by tail genotype identification and screening using 

Fig. 1  Flow chart of the experiment. WT, wild-type; GTT, glucose tolerance test; ITT, insulin tolerance test; BMDMs, bone marrow-derived macrophages; 
H&E, hematoxylin and eosin; qRT‒PCR, quantitative real-time polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; NAFLD, nonalco-
holic fatty liver disease
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the primer sequences listed in supplementary material 
Table S1.

Following an 8-week period of standard growth, 12 
WT mice and 12 Nogo-B−/− mice were randomly divided 
into the normal chow diet (NCD) or high-fat diet (HFD) 
groups, which were reared in a barrier system at temper-
atures ranging from 20 to 26 °C and fed either the NCD 
(SPF (Beijing) Biotechnology Co., Ltd.) or HFD (fat diet 
with 60 kcal%, MP Biomedicals, LLC) for 12 weeks. The 
specific composition of the HFD for mice is provided in 
supplementary material Table S2. Throughout the experi-
ment, the weights of the mice were measured weekly. The 
animal experiment was approved by the Experimental 
Animal Welfare and Ethics Committee of the Fifth Medi-
cal Centre of the Chinese PLA General Hospital.

Glucose tolerance test (GTT) and insulin tolerance test (ITT)
At the beginning of week 11 of the experimental cycle, 
the mice in each group, which had fasted for 12 h, were 
intraperitoneally injected with the glucose solution at a 
dose of 2 g/kg body weight, and the tail vein blood glu-
cose concentration was measured at 0, 15, 30, 60, 90, and 
120 min using a Roche Diabetes Care glucometer. At the 
start of week 12, the blood glucose concentration was 
measured in the same method after intraperitoneal injec-
tion of 1 U/kg insulin (MedChemExpress (Monmouth 
Junction, NJ, USA)) solution into mice that had fasted for 
4 h.

Sample acquisition
After the 12-week experiment, the overnight fasted mice 
were anesthetized with 3% sodium pentobarbital. Whole 
blood, liver, intestinal contents, and bone marrow-
derived macrophages were then collected from the mice. 
The intestinal contents are extracted from the cecum to 
obtain sterile contents. The intestinal contents and a por-
tion of the liver were immediately stored at -80 °C, while 
a portion of the liver tissue was immersed in 10% for-
malin for subsequent histological evaluation. The serum 
was recovered via centrifugation at 3000 rpm for 15 min 
at room temperature and then stored at − 80 °C in endo-
toxin-free tubes until assayed. BMDMs were used for 
subsequent cell culture.

Cell culture
BMDMs were isolated from the femurs of model and 
control mice at the end of modeling, cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; BOSTER, Wuhan, 
China) supplemented with 10% fetal bovine serum (FBS; 
VivaCell, Shanghai, China), 1% penicillin‒streptomycin 
(MacGene), and 50 ng/ml mouse macrophage colony‒
stimulating factor (M-CSF, HY-P7085, MedChemEx-
press), and stimulated for 5 days in a cell culture chamber 
after differentiation.

Biochemical index detection
Serum biochemical indices included triacylglycerol (TG), 
total cholesterol (TC), low-density lipoprotein cho-
lesterol (LDL-C), high-density lipoprotein cholesterol 
(HDL-C), alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), alkaline phosphatase (ALP), and 
albumin (ALB), all of which were tested with commercial 
kits supplied by the Jiancheng Bioengineering Institute 
(Nanjing, China).

Histological evaluation
To evaluate the histological characteristics of the liver, 
such as lipid accumulation, inflammation, and fibrosis, 
liver tissues were fixed in 4% paraformaldehyde, embed-
ded, sectioned, and mounted on microscope slides. 
Besides, a part of the fixed liver tissue was paraffin-
embedded to obtain paraffin sections for hematoxylin 
and eosin (H&E) staining, and the other part was OCT-
embedded to obtain frozen sections for oil red O staining. 
All images were captured with a Pannoramic MIDI scan-
ner. Histological features were quantitatively assessed by 
ImageJ software (National Institutes of Health).

Western blot (WB) analysis
Total proteins from liver tissues were extracted using 
RIPA lysis buffer containing a phosphatase inhibitor, sep-
arated via 10% sodium dodecyl sulfate‒polyacrylamide 
gel electrophoresis (SDS‒PAGE), and transferred onto 
polyvinylidene fluoride (PVDF, Millipore, MA, USA) 
membranes. The membranes were blocked with TBST 
(GenStar, CA, USA) containing 5% fat-free milk for 1 h 
at room temperature and then incubated overnight with 
primary antibodies in TBST with 5% bovine serum albu-
min at 4 °C. After washing with TBST for 3 × 5 min, the 
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies in TBST containing 5% 
fat-free milk for 1 h at room temperature. Protein expres-
sion levels on the PVDF membranes were detected uti-
lizing the enhanced chemiluminescence (ECL) reagent 
(Promega, Beijing, China).

Quantitative real-time polymerase chain reaction (qRT‒
PCR)
Total RNA was isolated from liver tissue with TRIzol 
reagent, followed by reverse transcription into cDNA via 
StarScript III All-in-one RT Mix with gDNA Remover 
(Vazyme, Nanjing, China). Finally, the RNA levels were 
quantified using 2×Taq Pro Universal SYBR qPCR Master 
Mix (Vazyme, Nanjing, China) on a QuantStudio(TM) 6 
Flex System. The amplification conditions included pre-
denaturation at 95  °C for 30  s, followed by 40 cycles at 
95  °C for 10 s, 60  °C for 30 s, and 95  °C for 15 s. Addi-
tionally, β-actin was used as an internal control to correct 
for RNA expression. The primers listed in supplementary 
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material Table S3 were synthesized by TIANYIHUI-
YUAN (Beijing, China).

ELISA
The cytokines TNF-α (tumor necrosis factor-alpha) and 
IL-6 (interleukin-6) in the liver were assayed using ELISA 
kits (Dakewe, Beijing, China) according to the manu-
facturer’s instructions. Liver tissue samples of 50  mg 
were accurately weighed, 1  ml of PBS (PH 7.4) and 10 
µL of protease inhibitor were added, then mechani-
cally homogenized in an ice water bath and centrifuged 
at 3000 RPM for 20 min. Subsequently, the supernatant 
was carefully collected and the protein was quantified for 
detection and analysis. Cytokine levels are reported in 
pg/mg protein.

Gut microbiota (GM) analysis
Bioinformatics analysis of 16  S rRNA sequencing data 
was conducted using QIIME2 (version 1.9.1, http://
qiime.org/install/index.html). Operational taxa (OTUs) 
with sequence homology and species taxonomic analy-
sis ≥ 97% were clustered using UPARSE software (version 
11, http://drive5.com/uparse/). Alpha diversity analysis 
was used to evaluate community richness and diversity, 
while principal component analysis (PCA) and principal 
coordinate analysis (PCoA) were used to assess struc-
tural alterations. The Wilcoxon rank-sum test was used 
to compare the levels of abundant taxa at the phylum and 
genus levels between the two groups. Finally, the corre-
lations between biochemical indices or metabolites and 
the GM were measured using Spearman’s analysis. The 
analysis was performed using the Majorbio Cloud online 
platform (https://cloud.majorbio.com).

UHPLC‒MS analysis
The serum from five mice in each group was analyzed via 
UHPLC-Q-Orbitrap/MS. A quality control sample (QC) 
was created by combining equal volumes of all samples 
for system conditioning and quality control purposes. 
The QC samples were subjected to the same process-
ing and testing procedures as the analytical samples. QC 
samples and blank samples (75% acetonitrile solution) 
were injected every 5 samples during collection. PCA, 
partial least squares discriminant analysis (PLS-DA), and 
orthogonal PLS-DA (OPLS-DA) were used to screen out 
the different variances between groups after scaling all 
metabolite variables to unit variance. Groups with vari-
able importance in the projection (VIP) values > 1 and 
p values < 0.05 were statistically significant. The differ-
ential metabolites were identified by comparing typical 
and accurate quality MS/MS fragments with the Human 
Metabolome Database (HMDB, http://www.hmdb.ca) 
and then using the online database KEGG (http://www.
kegg.jp) to screen the metabolic pathways for these 

metabolites. The results were analyzed via the Majorbio 
Cloud online platform (https://cloud.majorbio.com).

Statistical analysis
Continuous data were expressed as the means ± standard 
deviations (SDs) and were compared via the unpaired 
Student’s t tests for two samples or two-way analysis of 
variance (ANOVA) for multiple samples. Then, Sidak’s 
test or the Tukey‒Kramer test was employed for multiple 
comparisons after ANOVA. All the statistical analyses 
and charts were completed with GraphPad Prism (ver-
sion 8.0.2, https://www.graphpad.com/). A two-tailed p 
value < 0.05 was considered statistically significant.

Results
Nogo-B deficiency alleviates weight gain and impaired 
glucose tolerance in NAFLD model mice
After 12 weeks of modeling, the body and liver sizes of 
both the WT and KO mice were visually larger in the 
HFD group than in the NCD group. However, the body 
and liver sizes in the Nogo-B−/−-HFD group were mac-
roscopically smaller than those in the WT-HFD group. 
Interestingly, the liver had a visibly yellower color in the 
WT-HFD group than in the other groups (Fig. 2, A).

The body weights of the mice in each group were 
recorded weekly. The results showed that after knock-
down of the Nogo-B gene, the mice exhibited a more 
significant difference in weight compared with the mice 
in the WT-HFD group. The difference in body weight 
between the two groups was statistically significant 
(P < 0.05) at all time points starting from two weeks after 
the treatment (Fig. 2, B). Moreover, the final body weights 
and liver weights of the two groups were also significantly 
different. (P < 0.05) (Fig. 2, C and D).

The GTT results revealed significantly greater blood 
glucose concentrations in the WT-HFD group than in 
the Nogo-B−/−-HFD group at 30, 60, 90, and 120  min 
after glucose injection (P < 0.05) (Fig.  2, E). Moreover, 
the statistical analysis of the area under the curve (AUC) 
revealed that the AUC was greater for the HFD groups 
than for the NCD groups, whereas it was significantly 
smaller for the Nogo-B−/−-HFD group than for the WT-
HFD group (P < 0.05) (Fig.  2, F). However, the above 
phenomenon was not observed in the ITT experiment 
(Fig. 2, G and H).

Successful deletion of the Nogo-B protein in Nogo-
B−/− mice was subsequently confirmed via WB analysis 
of mouse bone marrow-derived macrophages (BMDMs) 
(Fig.  2, I). Furthermore, WB analysis demonstrated that 
HFD feeding promoted Nogo-B protein expression in the 
liver tissue of WT mice (Fig. 2, J).

http://qiime.org/install/index.html
http://qiime.org/install/index.html
http://drive5.com/uparse/
https://cloud.majorbio.com
http://www.hmdb.ca
http://www.kegg.jp
http://www.kegg.jp
https://cloud.majorbio.com
https://www.graphpad.com/
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Fig. 2  Nogo-B deficiency alleviates weight gain and impaired glucose tolerance in NAFLD model mice. (A) Photos of the mice and their livers at the end 
of the 12-week experiment; (B) body weight (weekly); (C) body weight (last measurement); (D) liver weight (last measurement); (E) glucose tolerance test 
(GTT); (F) AUC of the GTT; (G) insulin tolerance test (ITT); (H) AUC of the ITT. n = 6. #P < 0.05, ##P < 0.01, ###P < 0.001; *P < 0.05, **P < 0.01, ***P < 0.001. NCD, 
normal chow diet; HFD, high-fat diet; AUC, area under the curve; BMDMs, bone marrow-derived macrophages; WT, wild-type; NCD, normal chow diet; 
HFD, high-fat diet
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Nogo-B deficiency mitigates liver lipid accumulation and 
liver injury in NAFLD model mice
The serum biochemical indices of the mice were exam-
ined, revealing that a high-fat diet could cause abnormal 
blood lipids and liver function. In addition, the serum 
levels of TG, LDL-C, ALT, AST, and ALP were signifi-
cantly lower in the Nogo-B−/−-HFD group than in the 
WT-HFD group, whereas the levels of ALB were signif-
icantly higher (P < 0.05). Curiously, HDL-C levels in the 
Nogo-B−/−HFD group also decreased with Nogo-B defi-
ciency (P < 0.05). (Fig. 3, A-H)

H&E-stained sections revealed the absence of lipid 
accumulation in the livers of the NCD-fed mice, whereas 
cytoplasmic spherical lipid droplets of various sizes were 
observed in the HFD-fed mice. In the WT-HFD group, 
large lipid droplets filled more of the liver cytoplasm, 
pushing the nucleus to one side and possibly occupying 
the whole cell, which was attenuated by Nogo-B defi-
ciency (Fig. 3, I). The sections stained with oil red O in 
each group exhibited an identical distribution of lipid 
droplets, and the quantitative analysis revealed that the 
relative area of lipid droplets in the Nogo-B−/−-HFD 
group was significantly smaller than that in the WT-HFD 
group (P < 0.05) (Fig. 3, J).

Nogo-B deficiency attenuates inflammation in the livers of 
NAFLD model mice
To determine the role of the Nogo-B protein in the liver, 
we examined the expression of inflammatory factors and 
macrophage surface markers. ELISA analysis revealed 
that HFD feeding upregulated the expression of TNF-α 
and IL-6 in the liver, whereas the lack of Nogo-B miti-
gated this upregulation, demonstrating a statistically sig-
nificant difference (P < 0.05) (Fig.  4A-B). The qRT‒PCR 
results revealed a similar pattern to that observed for 
TNF-α and monocyte chemoattractant protein-1 (MCP-
1) (Fig. 4, C‒D).

Moreover, qRT‒PCR analysis revealed a significant 
increase in the mRNA expression of M1 macrophage 
(M1) surface markers (CD80 and CD86) and M2 mac-
rophage (M2) surface markers [Arg1 (arginase-1), Mgl2 
(macrophage galactose N-acetyl-galactosamine specific 
lectin-2) and Retlna (resistin-like alpha), P < 0.05]. Com-
pared with WT-HFD-fed mice, Nogo-B−/−-HFD-fed 
mice presented significantly decreased expression of 
CD80 and CD86 (P < 0.05). In contrast, Nogo-B−/− mice 
presented increased expression of Arg1, Mgl2 and Retlna 
compared with WT mice in response to a HFD (P < 0.05) 
(Fig. 4, E-I).

Nogo-B deficiency alters the GM in NAFLD model mice
The effects of Nogo-B on the GM were investigated via 
16 S rRNA sequencing analysis of the intestinal contents 
of mice. The coverage index of the operational taxonomic 

unit (OTU) level was > 99%. Alpha diversity analysis was 
used to evaluate the community’s richness and diversity. 
First, the community richness of the GM in the Nogo-
B−/−-HFD group was greater than that in the WT-HFD 
group, as shown by the ACE and Chao indices, but the 
difference was not significant (P > 0.05) (Fig.  5A and B). 
Compared with the WT-HFD group, the Nogo-B−/−-
HFD group presented greater community diversity, as 
evidenced by increased Shannon indices and decreased 
Simpson indices (P < 0.05) (Fig. 5, C and D). Beta diversity 
analysis of the structure of the GM was then performed, 
and both PCA and PCoA, which were based on the Bray‒
Curtis distance, revealed distinct clustering in terms of 
microbiota composition between the Nogo-B−/−-HFD 
and WT-HFD groups (Fig. 5, E and F).

According to the community histogram at the phy-
lum level, Firmicutes, Desulfobacterota, Bacteroidota, 
Verrucomicrobiota, and Proteobacteria were the most 
abundant phyla in the two groups. Importantly, Nogo-B 
deficiency significantly reduced the Firmicutes/Bacte-
roidetes ratio (F/B, WT-HFD group 27.09 vs. Nogo-B−/−-
HFD group 3.47), as well as the percentage of abundance 
of harmful bacteria such as Proteobacteria and Desul-
fobacterota, and increased the percentage of beneficial 
bacteria such as Verrucomicrobiota and Actinobacteria 
(Fig. 5, G and H). At the genus level, norank_f_Desulfovi-
brionaceae, Lachnospiraceae_NK4A136_group, Lactoba-
cillus, unclassified_f_Lachnospiraceae, and Akkermansia 
accounted for a large proportion of the abundance in 
the two groups. Moreover, compared with the WT-HFD 
group, the Nogo-B−/−-HFD group presented greater 
abundances of unclassified_f_Lachnospiraceae and 
Akkermansia, and norank_f__Muribaculaceae, whereas 
the abundances of norank_f_Desulfovibrionaceae, Lach-
nospiraceae_NK4A136_group, and Lactobacillus were 
lower (Fig. 5, I).

To further explore the effect of the Nogo-B protein on 
the GM, we identified five genus-level communities that 
presented significant differences between the groups. The 
Nogo-B−/−-HFD group showed a significant increase in 
these different communities (Lachnoclostridium, Harry-
flintia, Odoribacter, UCG-009, and unclassified_f_Butyr-
icicoccaceae) (P > 0.05) (Fig. 5, J-O).

Nogo-B deficiency regulates serum metabolites in NAFLD 
model mice
During the analysis process, we tested the aggregation 
state of the QC samples to ensure the reliability and sta-
bility of the experiment, and then the PCA model was 
applied on the two groups of datasets. The PCA score 
plot revealed a segregation tendency between the sam-
ples from the WT-HFD and the Nogo-B−/−-HFD groups, 
indicating that the absence of Nogo-B could modu-
late the metabolic network of HFD-fed mice (Fig. 6, A). 
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Fig. 3  Nogo-B deficiency mitigates liver lipid accumulation and liver injury in NAFLD model mice. (A) Serum triacylglycerol (TG); (B) serum total cholester-
ol (TC); (C) serum low-density lipoprotein cholesterol (LDL-C); (D) serum high-density lipoprotein cholesterol (HDL-C); (E) serum alanine aminotransferase 
(ALT); (F) serum aspartate aminotransferase (AST); (G) serum alkaline phosphatase (ALP); (H) serum albumin (ALB); (I) hematoxylin and eosin (H&E) stain-
ing of liver sections (scale bar: 200 μm); (J) oil red O staining of liver sections (scale bar: 200 μm). n = 6. #P < 0.05, ##P < 0.01, ###P < 0.001; *P < 0.05, **P < 0.01, 
***P < 0.001. WT, wild-type; NCD, normal chow diet; HFD, high-fat diet
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Fig. 4  Nogo-B deficiency attenuates inflammation in the livers of NAFLD model mice. (A) The concentration of interleukin-6 (IL-6); (B) the concentration 
of tumor necrosis factor-α (TNF-α); (C) the mRNA expression of tumor necrosis factor-α (TNF-α); (D) the mRNA expression of monocyte chemoattractant 
protein-1 (MCP1); (E) the mRNA expression of CD80; (F) the mRNA expression of CD86; (G) the mRNA expression of arginase-1 (Arg1); (H) the mRNA ex-
pression of arginase-1 (Arg1); (I) the mRNA expression of macrophage galactose N-acetyl-galactosamine specific lectin-2 (Mgl2); (J) the mRNA expression 
of resistin-like alpha (Retlna). n = 6. #P < 0.05, ##P < 0.01, ###P < 0.001; *P < 0.05, **P < 0.01, ***P < 0.001. WT, wild-type; NCD, normal chow diet; HFD, high-fat 
diet
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Fig. 5 (See legend on next page.)
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Supervised PLS-DA and OPLS-DA models were con-
structed to further discriminate the varying metabolites 
between the two groups, and separated clusters were 
examined between the metabolite profiles of the groups 
(Fig.  6, B and C). A permutation test of the OPLS-DA 
model was then conducted to verify the accuracy of the 
model, and the R2 parameter [R2=(0, 0.962)] and the Q2 
parameter [Q2=(0, 0.01)] both revealed that the model 
could meet the predictive capacity of the data matrix 
(Fig. 6, D).

Additionally, the distinguishing metabolites between 
the Nogo-B−/−-HFD and WT-HFD groups were screened 
out using the P values and VIP values of the OPLS-DA 
models, which were visualized using a volcano plot 
(Fig. 6, E). A total of 159 critical distinguishing metabo-
lites were identified between the groups (P < 0.05 and 
VIP > 1), and there were 79 significantly upregulated and 
80 significantly downregulated metabolites in the Nogo-
B−/−-HFD group compared with the WT-HFD group. 
Moreover, the key differentially abundant metabolites 
with the top 30 VIP values are shown in Fig.  6F. Nota-
bly, in contrast to those in the WT-HFD group, metabo-
lites such as uric acid, xanthosine, inosine, hypoxanthine, 
10,11-dihydro-20-trihydroxy-leukotriene B4, prosta-
glandin E1, and taurodeoxycholic acid were upregu-
lated after Nogo-B deficiency, whereas corticosterone, 
13,14-dihydro-15-keto-pGE2, glycerol 3-phosphate, cit-
ric acid and isocitrate were downregulated.

To clarify the role of the Nogo-B protein in metabo-
lism, pathway enrichment analysis was performed using 
the KEGG online database to explore the most relevant 
differentially abundant metabolite pathways and poten-
tial underlying mechanisms. KEGG pathways with the 
top 20 enrichment ratios of differential metabolites are 
shown in Fig. 6G.

Correlation analysis of the gut microbiota with serum 
biochemical indices and differentially abundant 
metabolites
To further determine the variation in the composition of 
the GM mediated by Nogo-B deficiency, Spearman cor-
relation analyses were conducted between the gut com-
munities and the serum biochemical parameters. At the 
phylum level, Firmicutes was negatively correlated with 
ALB, and Bacteroidota was negatively correlated with 
TG and AST (P < 0.05) (Fig.  7, A). Moreover, TC was 
negatively correlated with Actinobacteria and positively 

associated with Deferribacterota (P < 0.05) (Fig.  7, A). 
With respect to the genus-level differential communi-
ties, Odoribacter, Harryflintia, unclassified_f__Butyr-
icicoccaceae, Lachnoclostridium, and UCG-009 were 
negatively correlated with TG, LDL-C, HDL-C, ALT, 
AST, and ALP (Fig. 7, B). Notably, there was a significant 
positive correlation between Odoribacter and ALB, while 
this positive correlation was not significant in the other 
four differential communities (Fig.  7, B). Similarly, we 
conducted Spearman correlation analysis to explore the 
relationships between differential GM and metabolites 
(top 30 VIP values), and the results revealed that upregu-
lated differentially abundant metabolites due to Nogo-B 
deficiency were positively correlated with differential 
communities at the genus level, whereas downregulated 
differential metabolites were negatively correlated with 
these communities (Fig. 7, C).

Discussion
It is not fully understood how Nogo-B affects the pro-
gression of NAFLD and its relationship with the gut 
microbiota and metabolites. To clarify this unresolved 
field, we conducted a multiomics analysis using HFD-fed 
Nogo-B knockout mice to examine the impact of Nogo-B 
on the GM and metabolites in NAFLD. In particular, we 
revealed that Nogo-B deficiency could delay the progres-
sion of NAFLD by regulating intestinal ecological disor-
ders and metabolites and that Odorobacteria might play 
a considerable role in this process.

Li J et al. reported that Nogo-B expression was 
increased during white adipogenesis along with the 
upregulation of adipogenic markers, whereas Nogo-B 
deficiency inhibited the expression of white adipocyte 
markers and lipid accumulation via the AKT2/GSK3β/β-
catenin pathway [23]. In addition, Nogo-B, as a metabolic 
regulator that is highly expressed in mouse and human 
NAFLD-associated HCC, accelerates metabolic dys-
function and tumorgenicity induced by a high-fat and 
high-carbohydrate diet; thus, inhibiting Nogo-B has a 
protective effect on metabolic syndrome [20, 24]. Consis-
tently, in our study, the body and liver weights of Nogo-
B-deficient model mice were significantly lower than 
those of NAFLD model mice, and histological evidence 
revealed that Nogo-B reduced lipid accumulation in 
hepatocytes. Hence, Nogo-B could improve obesity and 
reduce lipid accumulation in hepatocytes.

(See figure on previous page.)
Fig. 5  Nogo-B deficiency alters the gut microbiota in NAFLD model mice. (A) Ace index; (B) Chao index; (C) Shannon index; (D) Simpson index; (E) 
principal component analysis (PCA); (F) principal coordinate analysis (PCoA); (G) Firmicutes/Bacteroidota (F/B) ratio; (H) percentage of all community 
abundances at the phylum level; (I) percentage of all community abundances at the genus level; (J) differential communities at the genus level selected 
by the Wilcoxon rank-sum test; (K) comparison of sequence proportions of Lachnoclostridium between groups; (L) comparison of sequence proportions 
of Harryflintia between groups; (M) comparison of sequence proportions of Odoribacter between groups; (N) comparison of sequence proportions 
of UCG-009 between groups; (O) comparison of sequence proportions of unclassified_f__Butyricicoccaceae between groups; n = 5. *P < 0.05, **P < 0.01, 
***P < 0.001. WT, wild-type; NCD, normal chow diet; HFD, high-fat diet; OTUs, operational taxonomic units



Page 12 of 17Dong et al. Genes & Nutrition           (2024) 19:17 

Fig. 6  Nogo-B deficiency regulates serum metabolites in NAFLD model mice. (A) Principal component analysis (PCA) score plot; (B) partial least squares 
discriminant analysis (PLS-DA) score plot; (C) orthogonal partial least squares discriminant analysis (OPLS-DA) score plot; (D) OPLS-DA permutation test; 
(E) volcano plot, in which the red spots represent the significantly upregulated metabolites (log2FC > 0), the blue spots represent the significantly down-
regulated metabolites (log2FC < 0), and the gray spots represent the nonsignificant metabolites (P > 0.05); (F) clustered heatmap and VIP value bar graphs 
of differentially abundant metabolites (top 30 VIP values) between the WT-HFD and Nogo-B−/−-HDF groups; (G) KEGG pathways (top 20 enrichment ra-
tios) of differentially abundant metabolites. n = 5. VIP, variable importance in the projection; WT, wild-type mice; NCD, normal chow diet; HFD, high-fat diet
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Fig. 7  Correlation analysis of the gut microbiota with serum biochemical indices and differentially abundant metabolites. (A) Correlations between 
serum biochemical indices and communities at the phylum level; (B) correlations between serum biochemical indices and differential communities at 
the genus level; (C) correlations between genus-level differential communities and differentially abundant metabolites. *P < 0.05, **P < 0.01, ***P < 0.001. 
TC, total cholesterol; TG triacylglycerol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; ALB, albumin
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Metabolic disorders are closely linked to the progres-
sion of NAFLD. Obesity, lipid abnormalities, and type 
2 diabetes are independently associated with severe 
liver disease, with type 2 diabetes increasing the risk of 
advanced fibrosis, cirrhosis-related complications, and 
liver disease mortality by more than twofold [25]. Animal 
models have indicated that high-fat diets lead to periph-
eral insulin resistance and impaired glucose tolerance, 
followed by metabolic disorders such as hyperglycemia 
and hyperinsulinemia [26, 27]. Nogo-B is an important 
mediator of ChREBP activity and insulin sensitivity, and 
its deficiency improves insulin sensitivity, decreases the 
expression of ChREBP and lipogenesis molecules, and 
reduces endoplasmic reticulum stress and inflamma-
tion, thereby blocking high-glucose or high-fructose diet-
induced hepatic lipid accumulation, impaired glucose 
tolerance, and other metabolic disorders [28]. Similarly, 
in our study, HFD-fed NAFLD model mice presented 
increased Nogo-B expression along with elevated post-
prandial blood glucose levels, indicating impaired glucose 
tolerance, which was ameliorated by Nogo-B deficiency. 
Moreover, Nogo-B deficiency also reversed the dyslip-
idemia (elevated TG, LDL-C, and HDL-C) caused by a 
HFD. Notably, HDL-C, a vascular lipid scavenger [29], 
also decreased with Nogo-B deficiency, suggesting that 
the absence of Nogo-B may reduce the deposition of 
lipids such as cholesterol transported by HDL in hepa-
tocytes. In addition, McCullough A et al. reported that 
HDL-C levels are increased in patients with NAFLD [30]. 
In summary, Nogo-B deficiency ameliorates metabolic 
disorders such as lipid disturbance and impaired glucose 
tolerance in NAFLD.

Nogo-B plays a crucial role in regulating inflammatory 
factors during NAFLD progression. Kupffer cells (KCs), 
as hepatic resident macrophages, are important com-
ponents of the innate immune system and play a role 
in clearance and phagocytosis in the liver [31]. When 
hepatocytes are injured, KCs respond first, leading to 
NF-κB activation, chemokine and pro-inflammatory 
cytokine (e.g., TNF-α, IL-1β and IL-6) induction, and 
monocyte recruitment [32]. The polarization of M1/M2 
macrophages is closely associated with the progression 
of NAFLD [33]. An increase in M1-type KCs has been 
observed in patients with NASH [34]. Jianhua Rao et al. 
reported that Nogo-B deficiency reduces M1 macrophage 
polarization and inhibits the release of proinflammatory 
cytokines (e.g., TNF-α, IL-6, MCP-1, and iNOS) [35]. It 
has also been demonstrated that the presence of Nogo-B 
in mice results in increased hepatic steatosis and inflam-
mation. Mechanistically, the increased ER stress within 
KCs caused by Nogo-B deficiency promotes M2 polariza-
tion and attenuates hepatic steatosis, inflammation, and 
injury [19]. In our study, Nogo-B deficiency decreased 
the release of inflammatory factors such as TNF-α, IL-6 

and MCP-1 in KCs. Consistent with previous studies, 
Nogo-B deficiency inhibited M1 polarization, promoted 
M2 polarization, attenuated hepatic injury and inflam-
mation, and delayed NAFLD progression, suggesting that 
Nogo-B may be a potential target for the treatment of 
NAFLD.

The bidirectional relationship between the GM and 
the liver, referred to as the gut‒liver axis, is driven by a 
complicated interaction between liver injury, dysbiosis 
of the GM, intestinal barrier dysfunction, homeostasis 
imbalance of metabolites, and immune system dysregu-
lation, contributing to the development of NAFLD [36]. 
Moreover, studies in animals and patients have shown 
that fatty diet-induced liver steatosis can disturb the bal-
ance of the intestinal environment [37–39]. The diversity 
of the intestinal community in NAFLD patients is sig-
nificantly lower than that in healthy individuals, and the 
composition of the community is critically different [40, 
41]. We found that Nogo-B deficiency apparently regu-
lated the GM imbalance and increased the abundance 
and diversity of the community in NAFLD model mice. 
We demonstrated that Nogo-B deficiency decreased the 
F/B ratio, which is an important indicator of GM homeo-
stasis and is elevated in patients with hyperlipidemia 
[42]. In addition, obesity and hyperlipidemia lead to an 
increase in harmful intestinal microbiota and a decrease 
in beneficial intestinal microbiota [13, 43, 44]. However, 
our study showed that Nogo-B deficiency reversed this 
phenomenon and increased the abundance of beneficial 
microbiota such as Akkermansia, which has shown a 
negative correlation with obesity and diabetes and other 
metabolic diseases [45, 46]. Therefore, it can be con-
cluded that Nogo-B deficiency can improve the intestinal 
ecological disturbance caused by NAFLD.

Metabolites and their pathways influence the progres-
sion of NAFLD. The products of purine metabolism can 
inhibit the progression of NAFLD. Xanthosine mediates 
hepatic glucose homeostasis by regulating the AMPK/
FoxO1/AKT/GSK3β signaling cascade to inhibit gluco-
neogenesis and to activate glycogenesis [47], and ino-
sine significantly enhances β-oxidation and inhibits 
proinflammatory cytokine expression and hepatic pyro-
death [48]. Specifically, Nogo-B deletion upregulated 
the expression of purine metabolites in our study. More-
over, there is a strong correlation between gut microbes 
and bile acids in the host, and tauroursodeoxycholic 
acid has been reported to attenuate the progression of 
HFD-induced NAFLD in mice by improving intestinal 
inflammation, ameliorating intestinal barrier function, 
reducing intestinal fat transport, and modulating the 
intestinal microbiota composition [49, 50]. We found that 
Nogo-B deficiency upregulated the expression of tauro-
deoxycholic acid. In addition, corticosterone can lead 
to metabolic disorders such as severe insulin resistance, 
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hyperglycemia, and hypertriglyceridemia and even medi-
ate the upregulation of liver CD36 to promote the occur-
rence of NAFLD [51, 52]. Moreover, metabolites of the 
tricarboxylic acid cycle are also involved in the occur-
rence of NAFLD [53], and circulating levels of isocitrate 
and citric acid are significantly increased in patients with 
NAFLD [54]. Importantly, our study revealed that Nogo-
B deficiency downregulated the levels of corticosterone 
and metabolites of the tricarboxylic acid cycle. Thus, 
Nogo-B deficiency may delay the progression of NAFLD 
by regulating metabolites. Furthermore, we identified 
metabolic pathways with high enrichment rates through 
differentially abundant metabolites, indicating that 
Nogo-B is closely associated with pathways related to 
the progression of liver diseases, such as metabolic dis-
orders (e.g., EGFR tyrosine kinase inhibitor resistance 
and autophagy), hepatic inflammation (e.g., the NF-κB 
signaling pathway), the immune response (e.g., the B-cell 
receptor signaling pathway, natural killer cell-mediated 
cytotoxicity and the T-cell receptor signaling pathway, 
and Fc γR-mediated phagocytosis), and the development 
of malignancy (e.g., choline metabolism in cancer and 
PD-L1 expression and the PD-1 checkpoint pathway in 
cancer).

Gut microbes interact with metabolites to promote the 
progression of NAFLD. Endotoxins/lipopolysaccharides 
derived from intestinal microbes activate KCs, leading to 
the secretion of proinflammatory cytokines that contrib-
ute to the development of NAFLD [55]. Transplanting 
the fecal microbiota from patients with NAFLD to recipi-
ent mice increases the accumulation and activation of B 
cells in the liver, resulting in hepatic inflammation and 
fibrosis in NASH [56]. Our study revealed that Firmicutes 
was negatively correlated with ALB, an indicator of liver 
synthetic function, whereas Bacteroidota was positively 
correlated with ALB. Moreover, the F/B ratio decreased 
following Nogo-B deficiency, indicating that intestinal 
microorganisms might regulate hepatic synthesis func-
tion and that Nogo-B deficiency might participate in this 
process. Furthermore, the various microbes screened in 
the HFD group with Nogo-B deficiency presented con-
sistent associations with serum lipid and liver function 
indices, demonstrating that the remission of serum lipid 
increases and liver injury and the recovery of hepatic syn-
thetic function might be related to the increased abun-
dance of microorganisms after Nogo-B deficiency. In 
particular, Odoribacter, belonging to Bacteroidota, is a 
common short-chain fatty acid-producing member of 
the human GM, and its decreased abundance is associ-
ated with NAFLD [57]. In addition, as a probiotic with 
anti-inflammatory activity, Odoribacter can deplete suc-
cinic acid and mitigate inflammation related to glucose 
tolerance and obesity [58]. In terms of the associations 
between intestinal microorganisms and metabolites, the 

differential microorganisms were positively correlated 
with the upregulated purine metabolism and bile acid 
metabolites associated with Nogo-B deficiency, whereas 
they were negatively correlated with the downregulated 
corticosterone and tricarboxylic acid cyclic metabolites 
associated with Nogo-B deficiency. These results revealed 
the interaction of Nogo-B proteins, differential microbes 
such as Odoribacter, and the abovementioned metabolic 
pathways. Accordingly, Nogo-B deficiency might increase 
beneficial bacteria, such as Odoribacter, and regulate cor-
ticosterone and the products of purine metabolism, bile 
acid metabolism, and the tricarboxylic acid cycle, delay-
ing the progression of NAFLD. However, the causal rela-
tionships among these three factors need to be further 
verified due to the limitations of the experimental design.

In conclusion, Nogo-B deficiency can improve meta-
bolic disorders, reduce hepatocellular lipid accumulation, 
alleviate inflammation and liver injury, and delay the pro-
gression of NAFLD in NAFLD model mice. This effect 
might be achieved by regulating intestinal ecological 
disorders and metabolites and their pathways, suggest-
ing that Nogo-B could be a potential target for NAFLD 
treatment. Additionally, our study revealed a significant 
increase in the community abundance of Odoribacter 
after Nogo-B deficiency, which was strongly positively 
correlated with ALB and taurodeoxycholic acid. This 
discovery was novel, and we hypothesize that Odorib-
acter plays a meaningful role in Nogo-B to affect NAFLD 
progression.
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