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Objective: Establishing HepG2 cell insulin resistance models using glucosamine, high glucose with high insulin and palmitic acid 
and briefly evaluating them to provide reliable models for insulin resistance research.
Methods: Three methods were used to induce insulin resistance in HepG2 cells, and glucose uptake and consumption, glucose 
metabolism-related mRNA and p-AKT/AKT protein levels and RNA-seq were detected to compare the three induction methods.
Results: Glucose consumption capacity was reduced after glucosamine and palmitic acid induction and did not change significantly 
after high glucose with high insulin induction. Glucose uptake capacity was not significantly changed after glucosamine and high 
glucose with high insulin induction and was reduced after palmitic acid induction. After high insulin stimulation, p-AKT/AKT levels 
were elevated in glucosamine and high glucose with high insulin induction and did not change significantly in palmitic acid induction. 
G6pase, PC, and PCK1 were elevated after glucosamine and palmitic acid stimulation, and only PCK1 was elevated after high glucose 
with high insulin stimulation. The transcriptomes of cells induced by the three methods differed widely.
Conclusion: Treatment with 0.2 mM palmitic acid for 24 h is a simple and stable method to induce insulin resistance in HepG2 cells.
Keywords: HepG2 cells, insulin resistance model, palmitic acid

Introduction
Insulin resistance (IR), a state in which the body’s sensitivity to insulin decreases, reducing ability of body to absorb and 
utilize glucose, is the common pathological basis of diseases such as obesity, type 2 diabetes mellitus, and non-alcoholic 
fatty liver disease, and usually occurs before them. Therefore, improving insulin resistance is an important strategy for 
the treatment of related diseases and drug development, and a stable and reliable cell model of insulin resistance is 
a prerequisite for the successful development of related research.1

Through literature research, it is known that the most commonly used cells for in vitro study of the pathogenesis of 
insulin resistance, screening of hypoglycemic drugs and mechanism of action are HepG2 cells,2,3 because HepG2 cells 
are derived from human hepatoblastoma cells, which have metabolic functions similar to those of hepatocytes, and 
insulin resistance caused by these cells can mimic the insulin-resistant state that occurs in the human body.4 The 
establishment of cellular models of insulin resistance in the literature is not uniform, and the most common methods of 
inducing insulin resistance models include: glucosamine induced insulin resistance in HepG2 cells,5,6 high glucose 
combined with high insulin induced insulin resistance in HepG2 cells,7,8 and palmitic acid induced insulin resistance in 
HepG2 cells,9,10 and not only are the methods for inducing insulin resistance inconsistent, but even the concentration and 
duration of the induction conditions for the same method are inconsistent. In addition, it is not yet known whether there 
are differences between insulin resistance models induced by different methods. Therefore, in the present study, we used 
glucosamine, high glucose combined with high insulin, and palmitic acid to induce insulin resistance in HepG2 cells, and 
briefly evaluated the three methods, with the aim of providing a simple, stable, and reproducible cellular model for 
in vitro study of insulin resistance.
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Materials and Methods
Materials
HepG2 cells (Wuhan Punosai Life Science and Technology Co., Ltd)., HepG2-specific medium (Wuhan Punosai Life 
Science and Technology Co., Ltd., Item No. CM-0103), glucosamine hydrochloride (MedChemExpress, Product No. 
S1635), recombinant human insulin (Shanghai Yuanye Biological Co., Ltd)., sodium palmitate (Xi’an Kunchuang 
Science and Technology Development Co. Ltd)., Sodium Palmitate (Xi’an Kunchuang Science and Technology 
Development Co., Ltd., product no. SYSJ-KJ002), 2-NBDG (MedChemExpress, product no. HY-116215), Glucose 
Detection Kit O-toluidine Method (Shanghai Biyuntian Bio-Technology Co., Ltd., product no. S0201M). p-AKT 
Antibody (Cell Signaling Technology, product no. 4060T), AKT antibody (Cell Signaling Technology, product 
no. 9272S). β actin (Proteintech Cat No.66009-1-lg), HRP-Goat Anti-Rabbit Recombinant Secondary Antibody (H+L) 
(Proteintech Cat No. RGAR001).

Cell Culture and Treatments
HepG2 cells were cultured in HepG2 cell-specific medium (Wuhan Punosai Life Science and Technology Co., Ltd., Item 
No. CM-0103) at 37°C with 5% CO2, and the culture medium was changed every 2~3 days, and the cells were passaged 
according to their growth. The cells were washed twice with phosphate buffered saline (PBS), digested with 0.25% 
trypsin for 3 min, then added with medium to terminate the digestion, and resuspended; the cells were collected into 
10 mL centrifuge tubes, centrifuged at 900 rpm for 4 min, the supernatant was discarded, and added with medium to 
blow gently; the cell suspension was diluted to a cell density of 3.5×105/mL and set aside. The cell suspension was 
diluted to a cell density of 3.5×105/mL.

Establishment of Insulin Resistance Model
Configuration of glucosamine, high glucose with high insulin and palmitate: glucosamine and palmitate were dissolved in 
HepG2 cell-specific medium containing 1 g/L glucose and set aside, and recombinant human insulin was dissolved in 
DMEM medium containing 4.5 g/L and set aside. HepG2 cells were seeded in 48-well plates at a density of 8×10³ cells 
per well. To establish IR-HepG2 cell models, three distinct induction protocols were implemented: Glucosamine 
induction: Cells were treated with 9 mM, 18 mM, or 36 mM glucosamine for 12 h, 18 h, 24 h, 36 h, or 48 h; Insulin- 
glucose induction: Cells were exposed to 0.1 μM, 1 μM, or 10 μM insulin combined with 4.5 g/L glucose for 12 h, 24 h, 
36 h, 48 h, or 72 h; Palmitic acid induction: Cells were incubated with 0.15 mM, 0.2 mM, or 0.25 mM palmitic acid for 
12 h, 24 h, or 48 h.

Measurement of Cell Viability
HepG2 cells were inoculated into 48-well plates 80,000 cells per well and different concentrations of glucosamine, 
palmitic acid and insulin were added for different times. We use the CCK-8 method to detect cell viability, mix the CCK- 
8 solution with the culture medium at a 1:10 ratio and add it to the 48-well plate, with 200 μL per well. Place the 48-well 
plate in the incubator for approximately 20 minutes, then remove it. Use a microplate reader to measure the absorbance 
value at 450 nm for each well. The cell viability for each well is calculated using the following formula: Cell viability = 
[OD(drug) − OD(blank)]/[OD(no drug) − OD(blank)] × 100%, and OD(drug):the absorbance value of the well containing 
cells, medium, CCK-8 solution, and drug solution; OD (blank): the absorbance value of the well containing medium, 
CCK-8 solution, and no cells; OD (no drug): the absorbance value of the well containing cells, medium, CCK-8 solution, 
and no drug solution.

Determination of Glucose Consumption
Different conditions act on HepG2 cells, after the cells were washed with PBS to remove drug residues and metabolic 
wastes on the cell surface, fresh HepG2 cell-specific medium was added to each well and incubated for 6 hours at 37°C 
under 5% CO2 incubation, and the glucose content in the supernatant was measured using a glucose assay kit. Glucose 
consumption = glucose content in blank wells (cell-free) - glucose content per well.
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Determination of Glucose Uptake
HepG2 cells were inoculated in 6-well plates, and after adding glucosamine, palmitic acid and insulin for different times, 
the medium was replaced with serum-free medium containing 50 μ M 2-NBDG and incubated for 60 min. The 
fluorescence intensity of the cells was detected by flow cytometry to reflect the glucose uptake ability of the cells. 
HepG2 cells were inoculated in confocal dishes, and after adding glucosamine, palmitic acid and insulin for different 
times, the medium was incubated for 60 min with serum-free medium containing 50 μ M 2-NBDG and then incubated for 
60 min with 2-NBDG, and then the nuclei were stained with DAPI fluorescent staining solution, and then the cells were 
washed thoroughly with PBS, and the excess of the staining solution was removed, and then the fluorescence intensity of 
the cells was captured by confocal microscope to reflect the uptake capacity of the cells. The fluorescence intensity of the 
cells was photographed using confocal microscopy to reflect the cellular uptake of glucose.

Western Blot Assay
Add appropriate amount of lysate, scrape off the cells, lysed on ice for 30 min, centrifuged at 4 °C and 12000 rpm for 
30 min, then separated the supernatant, and quantified the protein by BCA method, adjusted the protein concentration, 
added the sampling buffer, and boiled at 95 °C for 5 min. After SDS-PAGE electrophoresis, the proteins were transferred 
to PVDF membrane and incubated with primary antibody overnight (p-AKT Antibody (Cell Signaling Technology, 
product no. 4060T), AKT antibody (Cell Signaling Technology, product no. 9272S). β actin (Proteintech Cat No.66009- 
1-lg), dilution ratio of 1:2000 for primary antibody); on the next day, the secondary antibody was incubated first (HRP- 
Goat Anti-Rabbit Recombinant Secondary Antibody (H+L) (Proteintech Cat No. RGAR001), secondary antibody 
dilution ratio 1:2000), and then the bands were exposed and developed, scanned and photographed, and the grayscale 
values of the protein bands were analyzed by ImageJ software.

RT-qPCR to Detect the Expression Level of Gluconeogenesis Enzymes
HepG2 cells were inoculated into six-well plates, and after the cells were adhered to the wall, the cellular RNA was 
extracted and reverse transcribed into cDNA. According to the instruction manual of MonaBio qPCR kit, the following 
reaction system was added into 200 µL octuplex tubes: cDNA was diluted 10-fold and then 2 µL/well was added, water 
was added at 7.2 µL/well, the upstream primer was added at 0.4 µL/well, the downstream primer was added at 0.4 µL/ 
well, SYBR Green 1 mix at 10 µL/well, and SYBR Green 1 mix was added at 0.4 µL/well. The reaction tubes were 
placed in the PCR instrument and the SYBR Green 1 mix was added 10 µL/well. The reaction tube was put into the PCR 
instrument, and the program was run according to the following parameters: the first step was 95 °C for 5 min, the second 
step was 95 °C for 10 sec, and 60 °C for 30 sec (40 cycles). The calculation method we used was ΔΔCt.

The primer sequences are shown in Table 1.

RNA-Seq
Cell sample preparation: At the end of cell treatment, the cells were washed twice with PBS (RNase-free water), and 
1 mL of TRIzol reagent was added to 105~107 cells, and the cells were blown repeatedly until sufficient lysis was 
achieved, and all the TRIzol liquid was transferred to a sharp-bottomed centrifuge tube and quickly placed in a liquid 
nitrogen tank for quick freezing, and then transferred to −80°C for long-term storage. Total RNA was extracted from the 

Table 1 Primer Sequences

Gene Name Primer Sequence

G6pase F:5′-GTGTCCGTGATCGCAGACC-3′ 
R:5′-GACGAGGTTGAGCCAGTCTC-3′

PC F:5′-ACAGAGGTGAGATTGCCATCC-3′ 
R:5′-CACTGCATCTACGTTGTTCTCC-3′

PCK1 F:5′-AAAACGGCCTGAACCTCTCG-3′ 
R:5′-ACACAGCTCAGCGTTATTCTC-3′
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samples and mRNA was enriched. Subsequently, the library was constructed and sequenced (The reading length of 
Illumina Novaseq 6000 is PE150, and the sequencing depth is 6g. The reference genome version is hg19) after quality 
control. After obtaining the raw sequenced reads, and in the presence of a reference genome, the analysis process was as 
described below: (1) Data quality control: the data obtained from the downstream machine were the original data, and the 
fastp software was used to de-join and filter the original data with low quality; (2) Comparison and quantification: 
HISAT2 was used to compare the filtered data with the reference genome sequences, and a reference genome was 
obtained for comparison. Stringtie software was used to count the expression of genes or transcripts; (3) differential 
expression analysis: under the condition of with or without biological replicates, DESeq2 (with biological replicates) or 
edgeR (without biological replicates) was used to analyze the differential expression. Differential expression analysis is 
performed using DESeq2 (for datasets with biological replicates) or edgeR (for datasets without replicates). The input 
data consists of read count expression values quantified by StringTie. The DESeq2 workflow comprises three main steps: 
(1) Normalization of raw read counts, primarily to correct for sequencing depth variations; (2) Statistical modeling to 
calculate hypothesis testing probabilities (p-values); (3) Multiple testing correction to obtain false discovery rate (FDR) 
values, with padj being the commonly used form. Standard criteria for screening differentially expressed genes (DEGs) 
are set as |log2(fold change) | > 1 combined with padj < 0.05. When the number of DEGs meeting these thresholds is 
insufficient, alternative criteria (|log2(fold change) | > 0.5 with p-value < 0.05) may be applied. Both approaches 
represent established screening methodologies, with the current project adopting the |log2(fold change) | > 1 and padj 
< 0.05 criteria as primary selection parameters. And finally, the relevant pathways were found through enrichment 
analysis (KEGG, GO). The cut-off values used for GO/KEGG analysis are all padj<0.05.

High glucose and high insulin sequencing data were obtained from the GEO database (GSE139929).

Statistical Analysis
The software we used for graphing was GraphPad Prism 8 and we used it for statistical analysis, and data were expressed 
as mean ± standard deviation (Mean ± SD), and statistics were obtained from three independently repeated experiments. 
Comparisons between the two groups were made using the t-test. p < 0. 05 indicates that the difference in results is 
statistically significant.

Result
Determination of Induction Conditions for IR-HepG2 Cells
Different concentrations of glucosamine were applied to HepG2 cells for 12 h, 18 h, 24 h, 36 h and 48 h, and the cell viability 
was measured using CCK-8 reagent (Figure 1A). Based on cell viability and relevant literature, there was no significant 
effect on cell viability at 18 h of 18 mM glucosamine action and there was a difference in glucose consumption of cells at this 
time. (Figure 1D). Cell viability was measured using CCK-8 reagent after 12 h, 24 h, 36 h, 48 h, and 72 h with 0.1 µM, 1 µM, 
and 10 µM insulin, respectively, and the results showed that high glucose in combination with high insulin had little or no 
effect on the viability of the cells (Figure 1B). Glucose consumption was detected by selecting different times of 1 μM insulin 
action according to CCK-8 results and related literature (Figure 1E). Palmitic acid was dissolved in HepG2 cell-specific 
medium, and 0.15 mM, 0.2 mM, 0.25 mM, palmitic acid was acted for different times, and the results showed that the 
concentration of 0.2 mM and below had no significant effect on the viability of cells (Figure 1C). According to the results of 
CCK-8 and related literature, 0.2 mM PA was selected for different time of action to detect Glucose consumption (Figure 1F). 
According to the results of cell viability and glucose consumption, the induction conditions of IR-HepG2 cells were initially 
determined: 18 mM glucosamine for 18 h, 1 μM insulin combined with high glucose for 24 h, and 0.2 mM PA for 24 h. After 
stimulating the cells with glucosamine (Figure 1H), high glucose and high insulin (Figure 1I), and palmitic acid, respectively 
(Figure 1J), there was no significant change in cell morphology compared with the control group (Figure 1G).

Effect of Three Induction Methods on Glucose Uptake Capacity
2-NBDG is a fluorescent D-glucose analog that is transported into cells via glucose transporters and is phosphorylated 
after entry into the cell and cannot be metabolized by the cell, so it can be used to monitor the glucose uptake in living 
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cells. Cells were inoculated in confocal dishes, and 2-NBDG was dissolved in glucose-free MEM medium and incubated 
for 60 min before being photographed by fluorescence microscopy. After 18 h of induction with 18 mM glucosamine, the 
fluorescence intensity of IR-HepG2 cells was reduced compared to the control, indicating that the cells had a reduced 
ability to take up 2-NBDG (Figure 2A and B). The ability of HepG2 cells to take up glucose was assessed by flow 
cytometry, and Figure 2C and D show that the ability of the cells to take up glucose was reduced after glucosamine 
stimulation, but there was no significant difference.1 µM insulin was administered for 24 h. Figure 2E and F show that 
the ability of the HepG2 cells to take up 2-NBDG was enhanced by the stimulation of high-glucose and high-insulin. The 
fluorescence intensity of the cells was measured by flow cytometry, and Figure 2G and H showed that the uptake of 
2-NBDG by HepG2 cells was stronger after the stimulation of drug administration, and Figure 2I and J showed that the 
uptake of 2-NBDG by HepG2 cells was reduced after the effect of 0.2 mM PA for 24 h. The fluorescence intensity of the 
cells was measured by flow cytometry. The changes in 2-NBDG uptake by flow cytometry were consistent with the 
fluorescence results, and the 2-NBDG uptake capacity of HepG2 cells stimulated with palmitic acid was weakened 
compared with that of the control group (Figure 2K and L).

Effects of Three Induction Methods on p-AKT/AKT Levels
Impairment of PI3K/AKT signaling pathway is one of the manifestations of insulin resistance, and the level of p-AKT/ 
AKT was decreased after insulin resistance. Western blot results showed that after stimulation with 100 nm insulin, 
p-AKT/AKT levels were significantly increased in the control group, indicating that the cells were sensitive to lower 
concentrations of insulin in the normal state and the insulin signaling pathway was activated. After glucosamine, high 
glucose combined with high insulin stimulation of cells with 100 nm insulin, p-AKT/AKT levels were increased. It 

Figure 1 Determination of induction conditions for IR-HepG2 cells. (A) Different concentrations of glucosamine act different times cell viability. (B) Different 
concentrations of insulin act different time cell viability. (C) Different concentrations of palmitic acid act different times cell viability. (D) 18 mM glucosamine acts at 
different times of glucose consumption. (E) 1 μM insulin acts different time glucose consumption. (F) 0.20 mM PA acts at different times of glucose consumption. (G) 
Normal HepG2 cell morphology (200×). (H) Glucosamine-induced IR-HepG2 cell morphology (200×). (I) High glucose and high insulin induced IR-HepG2 cell morphology 
(200×). (J) Palmitic acid induced IR-HepG2 cell morphology (200×). * P < 0.05, ** P < 0.01.
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indicates that the cells are sensitive to insulin. Whereas, after stimulating the cells with palmitic acid, there was no 
significant change in p-AKT/AKT levels after stimulating the cells using 100 nm insulin, indicating that the sensitivity of 
the cells to insulin was reduced (Figure 3A and B).

Effects of Three Induction Methods on mRNA Expression Levels of Cellular 
Gluconeogenesis-Related Enzymes
When cells become insulin resistant, decreased levels of AKT phosphorylation lead to increased levels of transcription of 
the downstream glycoheterotrophic enzymes Glucose-6-phosphatase (G6pase), pyruvate carboxylase (PC), and recom
binant Phosphoenolpyruvate Carboxy kinase 1 (PCK1). Enhanced gluconeogenesis RT-qPCR results showed that 
compared with the control group, G6pase expression levels were elevated after glucosamine and palmitate stimulation, 
and did not change significantly after high glucose and high insulin stimulation (Figure 4A). PC expression levels were 
elevated after glucosamine and palmitate stimulation, and did not change significantly after high glucose and high insulin 
stimulation (Figure 4B). PCK1 expression was elevated after glucosamine, high glucose combined with high insulin and 
palmitate stimulation (Figure 4C).

When insulin resistance occurs in the cells, glycogen synthase undergoes phosphorylation and inhibits glycogen 
synthesis. Compared with the control group (Figure 4D), glycogen content decreased after glucosamine stimulation was 

Figure 2 Effect of different induction conditions on cellular sugar uptake capacity. (A–D) 18 mM glucosamine acts for 18 h cellular glucose uptake. (E–H) 1 μM insulin acts 
for 24 h cellular glucose uptake. (I–L) 0.2 mM palmitic acid for 24 h cellular glucose uptake. * P < 0.05, vs control group.
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given (Figure 4E); glycogen content did not change significantly after high glucose-high insulin stimulation was given 
(Figure 4F); and glycogen content decreased after palmitic acid stimulation was given (Figure 4G).

RNA-Seq Analysis of Transcript Level Differences Among Three Induction Methods
In order to further investigate the effects of the three induction methods on the cells, the RNA-seq results of IR-HepG2 
cells induced by different methods were analyzed in this experiment, which can be reflected from the heatmap that there 
is a consistency in the effects of glucosamine and palmitate on the three cell samples, and a lack of consistency in the 
effects of high glucose and high insulin on the cellular transcriptomes (Figure 5A–C). Figure 5D–F Volcano plot showing 
major genes in the insulin signaling pathway. The three methods produced different effects on the major genes of the 
insulin signaling pathway. The expression levels of PC, G6pase, insulin receptor substrate 1 (IRS1), insulin receptor 
substrate 2 (IRS2), SERBP1, SOCS3, and FOXO1 increased after glucosamine stimulation (Figure 5D). The expression 
levels of PCK1, IRS2, and SOCS3 increased after high glucose insulin stimulation (Figure 5E). The expression levels of 
GSK3A, PC, G6pase, and IRS1 increased after palmitate stimulation (Figure 5F). Figure 5G shows that the three methods 
resulted in 5 genes in the overlapping portion of the IR-HepG2 model, 79 genes in the overlapping portion of 

Figure 3 Effects of the three induction methods on p-AKT/AKT levels. (A) Glucosamine, high glucose high insulin, palmitic acid induced p-AKT, AKT protein expression 
levels in IR-HepG2 cells. (B) Glucosamine, high glucose high insulin, palmitic acid induced IR-HepG2 cells p-AKT, AKT protein expression level quantitatively. * P < 0.05.

Figure 4 Effects of three induction methods on mRNA expression levels of cellular gluconeogenesis-related enzymes. (A–C) Changes in mRNA levels of cytosolic 
gluconeogenesis-associated enzymes at 18 h after 18 mM glucosamine, at 24 h after 1 μM insulin, and at 24 h after 0.2 mM palmitic acid. (D) PAS staining of normal HepG2 
cells (200×). (E) Glucosamine induced PAS staining of IR-HepG2 cells (200×). (F) High glucose and high insulin induced PAS staining of IR-HepG2 cells (200×). (G) Palmitic 
acid induced PAS staining of IR-HepG2 cells (200×). * P < 0.05, ** P < 0.01.
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Figure 5 RNA-seq analysis of transcript level differences among three induction methods. (A) Glucosamine-induced IR-HepG2 cell mRNA sequencing of all differential gene heatmaps. 
(B) Heatmap of all differential genes in mRNA sequencing of high glucose and high insulin induced IR-HepG2 cells (data from GSE139929). (C) Heatmap of all differential genes in PA- 
induced cellular mRNA sequencing of IR-HepG2 cells. (D) Glucosamine-induced IR-HepG2 cell mRNA sequencing insulin signaling pathway-related gene volcano map. (E) High glucose 
and high insulin induced IR-HepG2 cells mRNA sequencing insulin signaling pathway related gene volcano map (data from GSE139929). (F) Volcano plot of genes related to insulin 
signaling pathway by mRNA sequencing in PA-induced IR-HepG2 cells. (G) Venn diagram of RNA-seq differential genes in glucosamine, high-glucose high-insulin (data from GSE139929), 
and palmitate-induced IR-HepG2 cells. (H) Glucosamine-induced KEGG pathway enrichment bubble plots in IR-HepG2 cells. (I) High glucose plus insulin induced KEGG pathway 
enrichment bubble graph of IR-HepG2 cells data from (GSE139929). (J) PA-induced KEGG pathway enrichment bubble diagram of IR-HepG2 cells.
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glucosamine and high-glucose high-insulin, 118 genes in the overlapping portion of glucosamine and palmitic acid, and 
21 genes in the overlapping portion of high-glucose high-insulin and palmitic acid. Figure 5H–J Enrichment of the top 
fifteen KEGG signaling pathways, Glucosamine was not directly enriched to signaling pathways associated with 
glucolipid metabolism, and was enriched to signaling pathways associated with glucolipid metabolism using high 
glucose high insulin and palmitic acid.

Discussion
Glucosamine, high glucose combined with high insulin, and palmitic acid have been widely recognized as inducers for 
the establishment of insulin-resistant cell models, but their induction concentrations and duration of action have been 
reported differently5,11 (Table 2).In the present study, based on reviewing a large number of literatures, we briefly 
compared the three methods by combining cell viability, cellular glucose consumption, glucose uptake, changes in 
p-AKT/AKT levels, and changes in the expression levels of gluconeogenesis enzymes, and analyzed the differences 
between the three methods at the transcriptional level by RNA-seq, with the aim of obtaining a simple and stable model 
of insulin resistance in vitro.12–14

Glucosamine is a naturally occurring aminoglucose that is ubiquitous in the human body and is obtained by the 
amination of glucose. In previous studies, glucosamine may cause insulin resistance in HepG2 cells by affecting 
apolipoproteins,22 or it may cause insulin resistance due to inflammation induced by high glucose,23 in which the use 
of glucosamine induced decreased glucose consumption, decreased glucose uptake capacity, increased COX2 protein 
levels, and increased ROS levels in IR-HepG2 cells.15 The results of the present experiment showed that HepG2 cells 
were subjected to 18 mM glucosamine for 18 h. Glucose consumption was reduced, and glucose uptake was reduced, but 
there was no significant difference. The inconsistency in the pre-glucose uptake results could be attributed to the 
inconspicuous changes in cellular glucose uptake due to the long incubation time with 2-NBDG in the experimental 
process, and the cell source, the number of cell generations, glucose assay methods, and human error could all contribute 
to the changes in glucose uptake. The cell source, cell generation, glucose determination method and human error may 
cause the experimental results to vary.

Glucose transporter 4 (GLUT4) is a unique isoform of glucose transporter proteins that plays an important role in 
mediating insulin-dependent glucose uptake and maintaining glucose homeostasis.24 High glucose and high insulin 
may be the key factors affecting GLUT4 to induce IR-HepG2 cells. In the previous study, high glucose and high 
insulin induced IR-HepG2 cells to have lower glucose consumption, lower glucose uptake, and lower p-AKT/AKT 
expression levels,25,26 while the results of the present experiment showed that the glucose consumption of cells 
stimulated by insulin was greater than that of the blank group, and there was no significant difference in the glucose 
uptake ability and p-AKT/AKT changes, which was different from the results of the previous study. The reason for 
this analysis may be that the presence of high glucose and high insulin over-enhanced the utilization of glucose by 
cellular GLUT4, which resulted in an increase in glucose consumption compared to the blank group. The combination 
of high glucose and high insulin is to induce the insulin resistance model by virtue of the continuous stimulation of 
cells by insulin, and the continuous presence of insulin stimulation of cells due to the presence of 5–20 mg/L of 

Table 2 Different Methods

Methods Time and Dosage

Glucosamine15,16 18 mM 18 h 
10 mM 6 h

High insulin with high glucose17–19 0.1 μM 24 h 

0.1 μM 25 min 
1 μM 48 h

Palmitic acid10,20,21 0.5 mM 12 h 

0.25 mM 24 h 
0.2 mM 24 h
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insulin in the medium may be the reason why a stable insulin resistance model could not be obtained in this 
experiment.27

Palmitic acid is a saturated long-chain fatty acid, and insulin resistance induced by obesity is the main pathogenesis of 
type 2 diabetes mellitus, which is characterized by the blockage of insulin signaling.28 High concentrations of plasma 
free fatty acids (FFAs) are the main manifestation of obesity and the main etiology of insulin resistance, and also serve as 
a molecular basis for the induction of insulin resistance by FFAs as investigated in the human hepatocyte cell line 
HepG2.29 In the previous study, PA acts as an inflammatory factor, and its cause of insulin resistance may be to affect the 
JNK and NF-κB inflammatory pathways,30 in the previous study PA established the IR-HepG2 cell model, and a decrease 
in glucose consumption, glucose uptake, and glycogen content of the model cells was observed,31 and in the present 
experiments, cellular glucose consumption, glucose uptake, and glycogen content were decreased after induction of IR- 
HepG2 cells using PA, decreased glucose uptake, p-AKT/AKT expression level, and increased gluconeogenic enzyme 
expression level in IR-HepG2 cells induced with PA in this experiment, which was consistent with the previous 
study.32,33

RNA-seq sequencing results show that glucosamine, high glucose and high insulin, and palmitic acid affect cells 
differently. Glucosamine was not enriched in the top 15 signaling pathways enriched for pathways directly affecting 
glucose-lipid metabolism, but was enriched in the subsequent enrichment to p<0.05 for signaling pathways directly 
related to glucose-lipid metabolism and energy metabolism. The high glucose-high insulin and palmitic acid-induced 
insulin resistance models were enriched for signaling pathways directly related to glucolipid metabolism. Venn The 
overlapping portions of each method suggests that there may be similarities in the mechanisms by which glucosamine 
and palmitic acid cause insulin resistance, which are different from high glucose-high insulin. The three methods, 
although causing different cellular phenotypes, changes in protein levels, and other differences, have similarities in the 
signaling pathways that change.34

In patients with type 2 diabetes, insulin resistance involves various aspects of glucose regulation, including 
glycolysis, glycogen synthesis, and glucose oxidation. The phosphatidylinositol 3-kinase (PI3K)/AKT pathway has 
been recognized as an important signaling pathway mediating the metabolic effects of insulin, with Akt (serine/threonine 
protein kinase) as a key effector molecule. Insulin resistance occurs at multiple cellular levels, from the cell surface to the 
nucleus, and includes insulin receptor desensitization, inhibition of IRS proteins and function, and inhibition of the PI3K 
cascade. Experiments using glucosamine, high glucose and high insulin, and palmitic acid as inducing conditions for 
cells to produce insulin resistance inform the study of insulin resistance.35

Conclusion
In this study, three methods of inducing insulin resistance in HepG2 cells were investigated and briefly analyzed based on 
the experimental results, and there were large differences in the insulin resistance models of HepG2 cells induced by the 
three methods. In this experiment, we selected the simpler and more stable method among the three methods based on the 
comprehensive results, ie, the use of palmitic acid to stimulate HepG2 cells is simpler and more stable with good 
reproducibility, which provides a model reference for the research of insulin resistance.
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