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Background: Insulin resistance is a determining factor in the pathophysiology of type 2 
diabetes mellitus (T2DM). Angiopoietin-like protein 8 (ANGPTL8, also known as betatro
phin), associated with glucose homeostasis and lipid metabolism, has attracted attention. But 
its mechanism in glucose metabolism remains unclear. This study aimed to explore the effect 
of ANGPTL8/betatrophin on glucose tolerance in Kunming (KM) mice of different ages and 
metabolic profiles in insulin-resistant HepG2 cells. Our study may provide a new perspective 
of ANGPTL8/betatrophin in insulin resistance from the metabolic changes.
Methods: Oral glucose tolerance test was performed in KM mice of different ages. Insulin 
concentration was measured by using a quantitative enzyme-linked immunosorbent assay 
(ELISA). ANGPTL8/betatrophin knockouts in HepG2 cells were established with clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) protein 
9 (CRISPR/Cas9) system. Cell counting kit-8 (CCK-8) assay was used to determine cell 
viability after gene knockout. The effect of ANGPTL8/betatrophin on the metabolomic 
changes was evaluated in high insulin-induced insulin-resistant HepG2 cells by an ultra- 
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) method.
Results: ANGPTL8/betatrophin improved glucose tolerance in older mice not by altering 
the concentration of insulin. Cell growth was affected in ANGPTL8/betatrophin knockout 
HepG2. Based on UPLC-MS/MS, compared with wild type insulin-resistant HepG2 cells, we 
identified 83 differential metabolites in ANGPTL8/betatrophin knockout HepG2 cells after 
high insulin induction. Among the 14 differential up-regulated metabolites, D-mannose had 
the highest fold change. In insulin-resistant HepG2 cells, ANGPTL8/betatrophin knockout 
exerted an effect on the amino acid metabolism, carbohydrate metabolism, metabolism of 
cofactors and vitamins, lipid metabolism, nucleotide metabolism, and genetic information 
processing pathway.
Conclusion: This study identified the effect of ANGPTL8/betatrophin on glucose tolerance 
in mice of different ages and metabolic profiles in insulin-resistant HepG2 cells. These 
findings may contribute to a new understanding of its role in glucose metabolism in the 
context of insulin resistance.
Keywords: ANGPTL8/betatrophin, glucose tolerance, CRISPR/Cas9 technology, insulin 
resistance, metabolomics, inflammation

Introduction
Insulin resistance is a major risk factor for metabolic syndrome (MetS), including 
type 2 diabetes mellitus (T2DM).1 T2DM is characterized by insulin resistance in 
the liver.2 Insulin resistance is an abnormal physiological state that occurs when 

Correspondence: Fangfang Xu  
Clinical Medical Research Center, 
Department of Research and Discipline 
Development, Henan Provincial People’s 
Hospital, Zhengzhou University People’s 
Hospital, Henan University People’s 
Hospital, School of Clinical Medicine, 
Henan University, Zhengzhou, Henan, 
450003, People’s Republic of China  
Tel +86-371 87160613  
Email xffxff0924@163.com

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14 4209–4221              4209
© 2021 Xu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy          Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 22 July 2021
Accepted: 23 September 2021
Published: 11 October 2021

http://orcid.org/0000-0003-1364-7930
mailto:xffxff0924@163.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


cells are unable to use insulin effectively, leading to 
T2DM, a major health burden worldwide.3 Hence, there 
is an urgent need to identify novel molecules involved in 
protection the liver cells against insulin resistance and 
regulation of glucose metabolism. Angiopoietin-like pro
tein 8 (ANGPTL8), also known as betatrophin, a liver- 
derived hormone which has been implicated in the 
regulation of lipid and glucose metabolism,4–7 attracts 
attention.

ANGPTL8/betatrophin belongs to the angiopoietin-like 
protein (ANGPTL) family which plays a key role not only in 
lipid and glucose metabolism but also in chronic 
inflammation.6,8 Chronic low-grade inflammation is also 
recognized as a common feature in T2DM subjects.9 

Circulating inflammatory markers are increased in 
T2DM,10,11 in insulin resistance,12 and related conditions 
such as obesity,13 MetS,14,15 diabetic nephropathy,11 and 
frailty associated with or caused by diabetes.16 Surprisingly, 
circulating levels of ANGPTL8/betatrophin are also 
increased in T2DM patients and associated with insulin 
resistance.17,18 ANGPTL8/betatrophin expression can be 
induced by insulin/insulin resistance.19,20 Recent studies 
have reported the role of ANGPTL8/betatrophin in nuclear 
factor-kappaB (NF-kappaB) mediated inflammation.21–23 

Thus the newly identified atypical member of ANGPTL 
family, ANGPTL8/betatrophin, may also be an inflammatory 
marker in insulin resistance and related diseases, which con
tributes to a better understanding of the role of ANGPTL8/ 
betatrophin in T2DM. But the mechanism of ANGPTL8/ 
betatrophin in regulating glucose metabolism remains 
unclear. ANGPTL8/betatrophin does not control beta cell 
proliferation in mice.24,25 In the current study, our 
results showed that ANGPTL8/betatrophin improved glu
cose tolerance in older mice not by altering the concentration 
of insulin. Moreover, recent studies have reported that 
ANGPTL8/betatrophin could alleviate insulin resistance via 
regulating the insulin-mediated Akt signaling pathway.26,27 

These findings suggest a new way to reveal the role of 
ANGPTL8/betatrophin in glucose metabolism in the context 
of insulin resistance. However, the metabolic changes 
affected by ANGPTL8/betatrophin in the presence of insulin 
resistance is unknown,19 the elucidation of which will pro
vide new evidence of its role in insulin resistance.

In this study, the key metabolites and metabolic 
pathways affected by ANGPTL8/betatrophin in insulin- 
resistant HepG2 cells were investigated by ultra- 
performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS) analysis. Our study may 

provide a new insight for understanding the role of 
ANGPTL8/betatrophin in insulin resistance.

Materials and Methods
Cell Culture
HepG2 cells were purchased from the Chinese Academy 
of Sciences Cell Bank (Catalog number: SCSP-510) and 
maintained in RPMI-1640 medium supplemented with 
10% fetal bovine serum (CellMax, China), 100 U/mL 
penicillin and 100 μg/mL streptomycin (Sangon Biotech, 
China) at 37°C in a 5% CO2 incubator.

Expression and Purification Analysis of 
the Recombinant ANGPTL8/Betatrophin
The method was described in details as indicated in our 
previous research.28

Experimental Animals
Kunming (KM) mice at specific pathogen free (SPF) level, 
mouse food and bedding were purchased from Charles 
River Technology (Beijing, China). All animal experi
ments were conducted following the National Institute of 
Health Publication (1996) Guide for the Care and Use of 
Laboratory Animals and the China Laboratory Animal- 
guideline for Ethical Review of Animal Welfare (GB/T 
35892-2018), and all procedures conform to the ethical 
principles and guidelines for ethical review of experimen
tal animal welfare of the Chinese Academy of Agriculture 
Sciences (CAAS) Institutional Animal Ethical and Welfare 
Committee and received ethics approval from the CAAS 
Institutional Animal Ethical and Welfare Committee (No: 
BRISPF-2017-02). All mice were euthanized three months 
after experiments by CO2 asphyxiation.

CRISPR/Cas9-Mediated ANGPTL8/ 
Betatrophin Gene Knockout in HepG2 
Cells
Clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated (Cas) protein 9 (CRISPR/ 
Cas9) system was used to create ANGPTL8/betatrophin 
gene mutation. The sgRNA was designed to target exon 1 
using the CRISPR/Cas9 design tool CRISPOR, an open- 
source program (http://crispor.tefor.net/).29 The sequence of 
the single-guide RNA (sgRNA) is as follows: TGGTC 
CTGTACACACCGTTG. The proto-spacer adjacent motif 
(PAM), AGG, is at the 3ʹ end of the sgRNA. The sgRNA 
sequence was synthesized as DNA oligonucleotides and 
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cloned into the vector PX458 (Addgene plasmid # 48138) 
between BbsI restriction sites and named PX458-ANGPTL8 
/betatrophin. The insertion of sgRNA was evaluated via 
sequencing. The mutations were confirmed by T7 endonu
clease 1 (T7E1) assay. The plasmid PX458-ANGPTL8/beta
trophin were extracted in large quantities using a SanPrep 
Column Plasmid Mini-Preps Kit (Sangon Biotech, 
B518191) and transfected into the HepG2 cells when the 
confluence reached 80%. The transfection efficiency were 
confirmed by fluorescence imaging.

Cell Viability Assay
Cell viability of each sample was evaluated by Cell Counting 
Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., Tokyo, 
Japan) assay according to the manufacturer’s protocol. 
Briefly, HepG2 cells were plated into a 96 well plate at 2 × 
104 cells/mL. After incubation periods of 24, 48, 72, and 
96 h at 37 °C and 5% CO2, cells in each well were added 
with 10 µL CCK-8 solution followed by color development 
for 1–4 h. The optical absorbance of the plate at 450 nm was 
measured using a multifunctional microplate reader 
SpectraMax M4 (Molecular Devices, LLC, San Jose, CA, 
USA). Cell viability was calculated using the formula as 
follows: (OD450KO HepG2-OD450blank/OD450WT HepG2- 
OD450blank) × 100%. KO: ANGPTL8/betatrophin gene 
knockout HepG2 cells, WT: wild type HepG2 cells.

In vitro Insulin-Resistant Model
Insulin-resistant HepG2 (HepG2/IR) cell model was estab
lished by high insulin. When the confluence reached 60– 
70%, both the wild type HepG2 cells and the ANGPTL8/ 
betatrophin knockout HepG2 cells were washed with 
phosphate-buffered saline (PBS) and changed to serum- 
free RPMI-1640 containing 2% bovine serum albumin 
(BSA). Next, cells were incubated with RPMI-1640 con
taining 103 nmol/L insulin for 48 h.19

Untargeted Metabolomic Analysis
After treatment with insulin, both the wild type and 
ANGPTL8/betatrophin knockout HepG2 cells (1 × 107) 
were collected and analyzed by UPLC-MS/MS at 
BioNovoGene Co., Ltd. (Suzhou, China). Chromatographic 
separation was performed on an ACQUITY H-Class UPLC 
system equipped with an ACQUITY UPLC® HSS T3 col
umn (2.1 × 150 mm, 1.8 μm, Waters, Milford, MA, USA). 
The data acquisitions from the randomized samples were 
performed in one batch to eliminate system errors. The 
intracellular metabolites (endometabolome) were identified 

based on their retention time, mass spectra, and exact mole
cular weight. The XCMS software with optimized settings 
was used for processing and analyzing the original LC-MS 
/MS data. The metabolite annotation was performed with the 
Compound Discoverer software and referenced to the online 
database mzCloud, the Human Metabolome Database 
(HMDB), the METLIN metabolite database, the MassBank 
database, and the Lipid Metabolites and Pathways Strategy 
(LIPID MAPS). The differential metabolites between two 
classes of samples were screened by a threshold of variable 
importance in the projection (VIP) selection method (VIP 
≥ 1) and validated by Student’s t-test analysis (p ≤ 0.05). 
Principal component analysis (PCA) and partial least squares 
discriminant analysis (PLS-DA) in Simca-P software were 
used for pattern recognition. Data were normalized, trans
formed and conducted hierarchical clustering in R language 
to generate the heat map. Metabolite correlations were 
assessed by Pearson Correlation Coefficient analysis and 
constructed using Cytoscape software. To analyze metabolic 
pathways related to differential metabolites, metabolite 
enrichment analysis and pathway analysis were performed 
using the KEGG database and MetaboAnalyst 4.0 software. 
The Analysis of Variance (ANOVA) test was used to deter
mine the significance of differences, and p ≤ 0.05 was con
sidered to be statistically significant.

Oral Glucose Tolerance Test (OGTT)
After overnight fasting, KM mice were randomly divided into 
two groups, a control group and a test group (n = 6). Either 
equivalent volume of physiological saline or 0.1mg/mL 
recombinant betatrophin dissolved in physiological saline 
were injected (i.p.) into the control and test groups of mice, 
respectively, 30 min prior to oral administration of 2 g glucose/ 
kg body weight. Blood was collected from the tail vein at 
various time points for glucose detection using a glucose 
monitoring system (Sinocare Inc., Changsha, China). Enzyme- 
linked immunosorbent assay (ELISA) analysis was simulta
neously employed to measure the concentration of insulin 
using an Ultra Sensitive Mouse Insulin ELISA Kit (MS100) 
(EZassay Biotechnology Ltd, Changsha, China).

Measurement of Triglyceride
KM mice were randomly divided into two groups (n = 6). 
Mice in one group were injected intraperitoneally (i.p.) 
with 0.1 mg/mL recombinant ANGPTL8/betatrophin and 
in the other group were given the equivalent volume of 
physiological saline. Blood plasma samples from the tail 
vein were collected at various time points after the 

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14                                               https://doi.org/10.2147/DMSO.S330700                                                                                                                                                                                                                       

DovePress                                                                                                                       
4211

Dovepress                                                                                                                                                               Xu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


injection. Triglyceride (TG) concentrations in the plasma 
obtained from the mice of different ages were analyzed 
using a Triglyceride Quantification Assay Kit (Applygen 
Technologies Inc., Beijing, China) according to the manu
facturer’s instructions.

Patient and Public Involvement
No patient involved.

Statistical Analysis
All data in this study were analyzed in Microsoft Office 
Excel and presented as means ± SD (n = 3 or n = 6). 
A Student’s t-test was used to identify significant differ
ences (p < 0.05) between groups using SPSS v.19.0 soft
ware (SPSS Inc., Chicago, IL, USA).

Results
Increased TG Concentration in ANGPTL8/ 
Betatrophin Administration Mice
The effect of ANGPTL8/betatrophin on TG metabolism 
was evaluated in KM mice. As shown in Figure S1A, 
results demonstrated that 30 min after injection (i.p.) of 
recombinant ANGPTL8/betatrophin into 8-week-old mice, 
the concentration of plasma TG increased from 1.28 ± 
0.04 mmol/L to 1.53 ± 0.05 mmol/L. In contrast, TG 
levels in 8-week-old mice treated with physiological saline 
were unchanged over the 30 min time period (1.28 ± 0.05 
mmol/L to 1.27 ± 0.04 mmol/L). When recombinant 
ANGPTL8/betatrophin was injected (i.p.) into 36-week- 
old mice, the concentration of TG in plasma increased 
from 1.28 ± 0.01 mmol/L to 1.81 ± 0.05 mmol/L after 
10 min, then began to decrease 30 min later (Figure S1B). 
The TG levels in mice administrated with ANGPTL8/ 
betatrophin at 10, 30, and 60 min were still higher than 
that in physiological saline-treated mice (Figure S1B). 
Consistently, studies have shown that ANGPTL8/betatro
phin play a role in TG metabolism, the inhibition of which 
may represent a therapeutic strategy for 
hypertriglyceridemia.24,30 Our results also verified the bio
logical activity of recombinant ANGPTL8/betatrophin.

Enhanced Glucose Tolerance in Older 
KM Mice Administrated with 
Recombinant ANGPTL8/Betatrophin
OGTT in KM mice were performed to evaluate the effect 
of ANGPTL8/betatrophin on glucose homeostasis. Results 
of OGTT test indicated that no significant difference in 

blood glucose levels was found in 8- and 12-week-old 
mice (Figure 1A and B). In contrast, blood glucose toler
ance in 15-, 24-, 36-, and 48-week-old mice treated with 
recombinant ANGPTL8/betatrophin was enhanced, rela
tive to the same-aged mice treated with physiological 
saline (Figure 1C–F). Serum insulin concentrations 30 
min after glucose gavage to 12-, 24-, and 48-week-old 
mice were also measured. The results demonstrated that 
insulin concentrations increased in both physiological sal
ine-treated and recombinant ANGPTL8/betatrophin- 
treated mice (Figure 1G). Further analysis demonstrated 
that the insulin levels were not significantly different 
between the two groups. These results suggest that 
ANGPTL8/betatrophin may exert a positive effect on insu
lin signaling pathway. It has been reported that 
ANGPTL8/betatrophin alleviates insulin resistance via 
the Akt-GSK3β/FoxO1 pathway in HepG2 cells.26 Here 
we examined the effects of inactivating ANGPTL8/beta
trophin on insulin resistance in HepG2 cells using 
metabolomics.

Establishment of ANGPTL8/Betatrophin 
Gene Knockout HepG2 Cells
To understand how ANGPTL8/betatrophin affected insulin 
signaling pathway, CRISPR/Cas9 gene-editing technology 
was used to knock out the ANGPTL8/betatrophin gene in 
HepG2 cells to obtain knockout cell line. ANGPTL8/beta
trophin is enriched in human liver and hepatocellular carci
noma cell line HepG2, as shown in the Human Protein Atlas 
database (https://www.proteinatlas.org/ENSG00000130173- 
ANGPTL8/tissue). Considering cell specificity, HepG2 was 
selected to construct the knockout model. The target site of 
CRISPR was shown in Figure 2A. The plasmid PX458- 
ANGPTL8/betatrophin was transfected into HepG2 cells 
for 48 h. The transfection efficiency was approximately 
40%, evaluated by fluorescence microscopy (Figure 2B). 
The efficiency of CRISPR-induced ANGPTL8/betatrophin 
mutation was determined by T7E1 assay. The result showed 
that the mutation rate at the loci was 26% (Figure 2C). The 
subsequent sequence analysis showed AA deletion and CG 
insertion contributed to the mutation (Figure 2D).

Cell Viability Analysis
Before metabolomic analysis, the effect of ANGPTL8/beta
trophin knock out on the viability of HepG2 cells were 
detected via CCK-8 analysis after 24, 48, 72 and 96 h of 
cultivation. The result showed that the cell viability of 
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Figure 1 Oral glucose tolerance test in KM mice treated with recombinant ANGPTL8/betatrophin. Oral glucose tolerance test in 8- (A), 12- (B), 15- (C), 24- (D), 36- (E), 
48- (F) week-old KM mice (n = 6), and ELISA analysis of insulin concentration 30 min after glucose gavage in 12-, 24-, and 48-week-old mice (G). The experiment was 
repeated three times. Data represent the mean ± SD. *Indicates a significant difference at p < 0.05. 
Abbreviation: r-betatrophin, recombinant ANGPTL8/betatrophin.
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Figure 2 The ANGPTL8/betatrophin gene was knocked out in HepG2 cells using CRISPR/Cas9. (A) Schematic representation of the ANGPTL8/betatrophin gene and the target 
sites of CRISPR. (B) The transfection efficiency was evaluated by fluorescence microscopy. The plasmid PX458-ANGPTL8/betatrophin was transfected into HepG2 cells for 48 
h. (C) T7E1 analysis of the efficiency of CRISPR-induced ANGPTL8/betatrophin mutation after two rounds of targeting. (D) Sequencing of the target region in one of the 
selected ANGPTL8/betatrophin knockout cell clones. M, DNA Marker C (100–1200 bp); 1, in the absence of T7E1 enzyme; 2, in the presence of T7E1 enzyme.
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ANGPTL8/betatrophin gene knockout HepG2 cells was sig
nificantly decreased at 96 h compared with the wild type cells 
(Figure 3). Based on this, the insulin resistance model was 
constructed in HepG2 cells within 72 h. Cells in both groups 
were harvested after incubation with insulin for 48 h. The wet 
weight of ANGPTL8/betatrophin gene knockout HepG2 cells 
was almost half of that in the wild type HepG2 cells.

Multivariate Statistical Analysis of 
Metabolite Profiles in HepG2/IR Cells
The metabolomic data were analyzed by PCA score plot 
(Figure S2A). In the partial least squares-discriminant 
analysis (PLS-DA) model of metabolite profiles in positive 
ion mode and negative ion mode, the R2Y and Q2 values 
were 1 and 0.977 (Figure S2B), and 0.998 and 0.972 
(Figure S2C), respectively. The score plots indicated 
a clear separation between the two groups. These results 
demonstrated that the model was not over-fitted, thus 
demonstrating the reliability of the platform.

The Effect of ANGPTL8/Betatrophin 
Knockout on Metabolites in HepG2/IR 
Cells
Metabolites with differential levels in ANGPTL8/betatrophin 
knockout HepG2/IR cells, compared with wild type HepG2/ 
IR cells, were screened by analyzing the variable importance 
in the project (VIP), p values and one-way ANOVA p value. 
And p values ≤ 0.05, VIP ≥ 1, and one-way ANOVA p value 
≤ 0.05 were considered significant differential metabolites. 
We identified 83 metabolites with significant changes, of 

which 14 were up-regulated and 69 were down-regulated 
(Table S1). The correlation between metabolites (p < 0.05) 
was analyzed using the Pearson correlation coefficient. There 
were 2335 positive correlations and 906 negative correlations 
among the 3241 differential metabolite relationships exclud
ing the same metabolites in the HepG2 sample (Figure S3). 
Metabolite correlations reveal synergy changes between 
metabolites.

In order to find the potential targets for ANGPTL8/beta
trophin, differentially expressed metabolites were investi
gated after ANGPTL8/betatrophin knockout in HepG2 
cells. The heat map analysis of differential metabolites 
showed that 14 metabolites were up-regulated and 69 meta
bolites were down-regulated compared with control samples 
(Figure 4). Consistently, Box-and-whisker plots also showed 
14 metabolites were up-regulated (Figure S4) and 69 were 
down-regulated (Figure S5). 14 up-regulated metabolites: 
D-Mannose, Thiamine, L-Fucose, L-Lysine, alpha- 
Ketoisovaleric acid, Gluconic acid, 2-Deoxy-scyllo- 
inosose, Glutaric acid, N6-Acetyl-L-lysine, alpha-D-Ribose 
1-phosphate, Nicotinate D-ribonucleoside, Pyrrole-2-car
boxylic acid, Sphinganine, trans-Cinnamate, were shown in 
Table 1. Highest fold change was observed with D-Mannose 
(fold change = 9757.75, p < 0.05).

The Effect of ANGPTL8/Betatrophin on 
the Metabolic Pathways in HepG2/IR Cells
Multivariate analysis on the differential metabolites was 
performed to study the effect of ANGPTL8/betatrophin on 
the metabolic pathways in HepG2/IR cells. 44 metabolic 

Figure 3 Cell viability of wild type HepG2 cells and HepG2 cells with ANGPTL8/betatrophin gene knockout. The symbol *Indicates p < 0.05. 
Abbreviations: WT, wild type HepG2 cells; ΔANGPTL8/betatrophin, ANGPTL8/betatrophin gene knockout HepG2 cells.
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Figure 4 Heat map analysis of differential metabolites in HepG2/IR cells. 2 indicated that the metabolites were up-regulated, 0 not regulated and −2 down-regulated. Each 
experiment was performed six times. 
Abbreviations: WT, wild type HepG2/IR; A, ANGPTL8/betatrophin knockout HepG2/IR.
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pathways were analyzed (Table S2). The results showed 
that 17 metabolic pathways (the pathway impact ˃ 0.1), 
pyrimidine metabolism (0.36), lysine degradation (0.31), 
alanine, aspartate and glutamate metabolism (0.26), pan
tothenate and CoA biosynthesis (0.25), phenylalanine 
metabolism (0.23), cysteine and methionine metabolism 
(0.20), tryptophan metabolism (0.19), vitamin B6 metabo
lism (0.18), retinol metabolism (0.18), citrate cycle (TCA 
cycle) (0.16), riboflavin metabolism (0.15), sphingolipid 
metabolism (0.14), thiamine metabolism (0.12), valine, 
leucine and isoleucine biosynthesis (0.12), aminoacyl- 
tRNA biosynthesis (0.11), arginine and proline metabo
lism (0.10), and lysine biosynthesis (0.10) were promi
nently affected (Figure 5, Table 2). The class summary 
of the differential metabolic pathways demonstrated that 
amino acid metabolism, cofactors and vitamins metabo
lism, nucleotide metabolism, carbohydrate metabolism and 
lipid metabolism pathways were significantly altered in 
ANGPTL8/betatrophin knockout HepG2/IR cells.

Discussion
Diabetes has become an increasing public health burden as 
the International Diabetes Federation Diabetes Atlas (9th 
edition) has reported that the global diabetes prevalence in 
2019 was 463 million people aged 20–79 years, rising to 
578 million by 2030 and 700 million by 2045.31 Diabetes 
is the result of having inadequate supply of functional 
insulin-producing beta cells and initiated by the onset of 
insulin resistance.32

Several insulin sensitizing hormones, such as 
adiponectin,33 visfatin,34,35 omentin,36 which play important 

roles in insulin resistance and/or T2DM are well studied.37 

A novel liver-derived hormone ANGPTL8/betatrophin, 
associated with insulin resistance and lipid metabolism,4 

has attracted great attention. It was reported that 
ANGPTL8/betatrophin does not control pancreatic beta cell 
expansion.24,25 Recent studies have reported that induced by 
insulin resistance, ANGPTL8/betatrophin enhanced insulin- 
stimulated pathway in HepG2 cells.19,20,26,27 In the present 
study, we observed that recombinant ANGPTL8/betatrophin 
enhanced the oral glucose tolerance in older mice not by 
increasing the insulin level (Figure 1). These findings suggest 
that ANGPTL8/betatrophin may also be an insulin sensitiz
ing hormone and regulate glucose metabolism by potentiat
ing the insulin-induced signaling pathway.

To date no studies have shown the effect of 
ANGPTL8/betatrophin on the cell metabolome in the pre
sence of insulin resistance. In this study, insulin-resistant 
HepG2 cells with or without ANGPTL8/betatrophin 
knockout were incubated and then collected for monitor
ing the metabolic changes. Combined with the UPLC-MS 
/MS method and multivariate data analysis, the metabolic 
pathway changes of insulin-resistant HepG2 cells affected 
by ANGPTL8/betatrophin knockout can be inferred. Our 
study could provide a new perspective of ANGPTL8/beta
trophin in the development of insulin resistance from the 
metabolic changes.

ANGPTL8/betatrophin is predominantly expressed in 
the liver, thus the gene was knocked out using the 
CRISPR/Cas9 technology in the human hepatocellular 
carcinoma HepG2 cell line in the present study. As one 
of the robust and effective gene manipulation tool, 

Table 1 Summary of Up-Regulated Metabolites in Response to ANGPTL8/Betatrophin Gene Knockout in HepG2/IR Cells

No. Metabolites VIP p value Fold Change WT/A Log2 (FC WT/A)

1 D-Mannose 1.42 0.003 9757.75 13.25
2 Thiamine 1.63 0.005 4.68 2.23

3 L-Fucose 1.29 0.005 4.03 2.01

4 L-Lysine 1.66 0.005 3.66 1.87
5 Alpha-Ketoisovaleric acid 1.02 0.045 2.85 1.51

6 Gluconic acid 1.47 0.005 2.09 1.06

7 2-Deoxy-scyllo-inosose 1.65 0.005 2.00 1.00
8 Glutaric acid 1.36 0.005 1.87 0.90

9 N6-Acetyl-L-lysine 1.58 0.005 1.84 0.88
10 Alpha-D-Ribose 1-phosphate 1.49 0.005 1.54 0.63

11 Nicotinate D-ribonucleoside 1.29 0.005 1.52 0.60

12 Pyrrole-2-carboxylic acid 1.15 0.020 1.29 0.37
13 Sphinganine 1.40 0.005 1.24 0.31

14 Trans-Cinnamate 1.38 0.005 1.14 0.18

Abbreviations: VIP, variable importance in the project; WT, wild type HepG2/IR; A, ANGPTL8/betatrophin knockout HepG2/IR.
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CRISPR/Cas9 has been widely applied in various organ
isms. ANGPTL8/betatrophin knockouts have been estab
lished using transcription activator-like effector nucleases 
(TALENs).26 In this study, ANGPTL8/betatrophin knock
out HepG2 cells were successfully established (Figure 2). 
Moreover, cell viability seemed to be unexpectedly 
affected by ANGPTL8/betatrophin depletion with the 
increase of incubation time (Figure 3), possibly due to 
the intracellular metabolic changes, which should be 
investigated further. Based on this, the in vitro IR model 
was established by incubating the cells with insulin for 
48 h.

Then the intracellular metabolites levels were screened 
with the untargeted metabolomics by UPLC-MS/MS. The 
metabolic profiling showed that a number of metabolites 
varied and the most of them were markedly lower (Table 
S1) in ANGPTL8/betatrophin knockout HepG2/IR cells 
compared to that in the wild type HepG2/IR cells. Only 
14 metabolites, D-mannose, thiamine, L-fucose, L-lysine, 
alpha-ketoisovaleric acid, gluconic acid, 2-deoxy-scyllo- 

inosose, glutaric acid, N6-acetyl-L-lysine, alpha-D-ribose 
1-phosphate, nicotinate D-ribonucleoside, pyrrole-2-car
boxylic acid, sphinganine, and trans-cinnamate, were up- 
regulated (Table 1). The highest fold change was observed 
with D-Mannose.

Mannose is a glucose-associated metabolite mainly 
released by the liver. Studies have shown that plasma 
mannose levels were positively associated with insulin 
resistance and negatively associated with insulin 
sensitivity,38,39 thus predicting insulin resistance.40 

Recently, it has been reported that mannose is an insulin- 
regulated metabolite reflecting whole-body insulin 
sensitivity.41 In the present study, intracellular mannose 
level was significantly higher in ANGPTL8/betatrophin 
knockout HepG2/IR cells, compared to that in the wild 
type HepG2/IR cells (p = 0.003), suggesting the more 
severe insulin resistance in HepG2/IR cells with 
ANGPTL8/betatrophin knockout. Consistently, it has 
been reported that insulin upregulates ANGPTL8/betatro
phin expression via PI3K/Akt pathway,19 and ANGPTL8/ 

Figure 5 The impact factor map of metabolic pathways in response to ANGPTL8/betatrophin knockout in HepG2/IR cells. The metabolic pathways labeled with the name 
were the most obvious metabolic pathways affected by ANGPTL8/betatrophin knockout in HepG2/IR cells.
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betatrophin alleviates insulin resistance via the Akt- 
GSK3β/FoxO1 pathway in HepG2 cells.26 ANGPTL8/ 
betatrophin may also be an insulin-regulated biomarker 
to predict the development of insulin resistance.

Thiamine, also known as vitamin B1, is an essential 
cofactor in intracellular glucose metabolism. Thiamine 
deficiency is commonly reported in patients with diabetes, 
so diabetes might be considered a thiamine-deficient 
state.42 High-dose thiamine supplementation may improve 
glucose tolerance in patients with hyperglycemia.43 It has 
also been reported that thiamine supplementation effec
tively reduces glucose concentration in type 2 diabetic 
patients.44 These findings suggest that thiamine has bene
ficial effects on glucose metabolism. In our study, the 
intracellular concentration of thiamin was significantly 
increased in ANGPTL8/betatrophin knockout HepG2/IR 
cells compared with the wild type HepG2/IR cells (p = 
0.005). It suggested that in insulin resistance state, 
ANGPTL8/betatrophin knockout may elicit this compen
satory increase in thiamin in order to regulate glucose 
metabolism. The relationship between ANGPTL8/betatro
phin and thiamin in hyperglycemic individuals needs to be 
studied.

It has been reported that in a rat model of type II 
diabetes induced by high-fat diet and streptozotocin injec
tion, the levels of D-gluconic acid and glutaric acid were 

significantly higher in urine samples from 4–6 weeks than 
that in urine samples from 1–3 weeks.45 It indicates that 
D-gluconic acid and glutaric acid may predict hyperglyce
mia and insulin resistance. Consistently in our study, the 
levels of D-gluconic acid and glutaric acid were signifi
cantly higher in ANGPTL8/betatrophin knockout HepG2/ 
IR cells than that in wild type HepG2/IR cells (p = 0.005), 
suggesting ANGPTL8/betatrophin knockout may aggra
vate insulin resistance.

Sphinganine is the precursor of ceramide. One study 
has reported that therapeutic intervention using a ceramide 
de novo synthesis inhibitor lowered the level of ceramide, 
its precursor, sphinganine, and its derivatives, sphingosine 
and sphingosine-1-phosphate, thus improving glucose 
homeostasis in type 1 diabetic animals.46 The concentra
tions of sphingolipids, namely, ceramide and sphinganine 
were reduced in insulin-resistant primary rat hepatocytes, 
resulting to the amelioration of hepatic insulin 
resistance.47 In the present study, the sphinganine level 
was significantly higher in ANGPTL8/betatrophin knock
out HepG2/IR cells than that in wild type HepG2/IR cells 
(p = 0.005), suggesting ANGPTL8/betatrophin knockout 
may contribute to the development of insulin resistance.

It is worth noting that the association of L-Fucose, 
L-Lysine, alpha-Ketoisovaleric acid, 2-Deoxy-scyllo- 
inosose, N6-Acetyl-L-lysine, alpha-D-Ribose 1-phosphate, 

Table 2 Summary of Metabolic Pathways Significantly Affected by ANGPTL8/Betatrophin Knockout in HepG2/IR Cells

Class Name -LOG(p) Impact

Amino acid metabolism Lysine degradation 3.85 0.31
Alanine, aspartate and glutamate metabolism 4.80 0.26

Phenylalanine metabolism 7.26 0.23
Cysteine and methionine metabolism 5.93 0.20

Tryptophan metabolism 0.66 0.19

Valine, leucine and isoleucine biosynthesis 2.75 0.12
Arginine and proline metabolism 4.18 0.10

Lysine biosynthesis 2.35 0.10

Carbohydrate metabolism Citrate cycle (TCA cycle) 3.52 0.16
Pentose phosphate pathway 1.19 0.09

Metabolism of cofactors and vitamins Pantothenate and CoA biosynthesis 4.37 0.25
Vitamin B6 metabolism 2.35 0.18
Retinol metabolism 0.62 0.18

Riboflavin metabolism 0.65 0.15

Thiamine metabolism 0.56 0.12

Lipid metabolism Sphingolipid metabolism 0.53 0.14

Nucleotide metabolism Pyrimidine metabolism 8.76 0.36

Genetic information processing Aminoacyl-tRNA biosynthesis 3.16 0.11
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Nicotinate D-ribonucleoside, Pyrrole-2-carboxylic acid and 
trans-Cinnamate with insulin resistance remained unknown.

In terms of the limitations of this study, first, animal 
studies present significant drawbacks with inherited spe
cies-specific differences,48 so the effect of ANGPTL8/ 
betatrophin on glucose metabolism should be studied in 
other mouse models, for example, C57BL/6 mouse. 
Moreover, long-term usage of recombinant ANGPTL8/ 
betatrophin in insulin-resistant or diabetic mouse models 
should also be explored to study its potential therapeutic 
effect. Second, in this study, the metabolomics analysis 
platform was used to assess the effect of ANGPTL8/beta
trophin on the metabolism of a human liver carcinoma cell 
line HepG2 in the presence of insulin resistance. 
Metabolite profiles were determined and some of them 
were selected to study the potential correlations between 
ANGPTL8/betatrophin and insulin resistance. More 
research needs to be performed on the mechanism of 
ANGPTL8/betatrophin in these metabolic changes. These 
findings may provide new evidence and a better under
standing of its role in glucose metabolism.

Conclusion
In conclusion, ANGPTL8/betatrophin may play an impor
tant role in glucose metabolism in the context of insulin 
resistance. Our study may provide a new perspective of 
ANGPTL8/betatrophin in insulin resistance from the meta
bolic changes. However, further research needs to be per
formed on the mechanism of ANGPTL8/betatrophin in 
these metabolic changes.
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