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Abstract. Insulin resistance is common in critically ill patients 
and seriously affects their prognosis. The anesthetic propofol 
(2,6-diisopropylphenol) has been shown to cause insulin 
resistance in rats; however, the specific mechanism under-
lying this phenomenon remains unknown. Thus, the aim of 
the present study was to determine the molecular mechanism 
through which propofol influences insulin resistance in the 
liver. The current study assessed the effects of propofol on the 
phosphorylation level of key enzymes involved in the insulin 
signaling pathway, as well as the glycogen content in primary 
mouse hepatocytes. Propofol administration was demon-
strated to considerably reduce the phosphorylation levels of 
Akt (Ser473) and glycogen synthase kinase (GSK)‑3β (Ser9) 
in the primary mouse hepatocytes. In addition, propofol 
was shown to downregulate the phosphoinositide 3‑kinase 
(PI3K)/Akt/GSK‑3β signaling pathway and inhibit glycogen 
synthesis in hepatocytes. Thus, the present results indicated 
that propofol induced insulin resistance in primary mouse 
hepatocytes. Notably, pretreatment with propofol in tumor 
necrosis factor (TNF)‑α‑induced primary mouse hepatocytes 
with insulin resistance was demonstrated to alleviate the 
inhibitory effects of TNF‑α on the PI3K/Akt/GSK‑3β signaling 
pathway and glycogen synthesis. These results indicated that 
propofol exerts a protective effect against insulin resistance in 
primary mouse hepatocytes induced by TNF‑α, indicating that 

propofol therapy may be clinically feasible to alleviate insulin 
resistance in critically ill patients.

Introduction

Insulin resistance is the primary mechanism underlying 
hyperglycemia in critically ill patients (1‑4). Insulin resis-
tance and the resulting hyperglycemia seriously influence 
the prognosis of critical patients, aggravating the disease 
and increasing the risk of complications and mortality (5‑8). 
Propofol (2,6‑diisopropylphenol) is the most common intra-
venous anesthetic agent used to narcotize or mitigate pain in 
critically ill patients. Recently, Yasuda et al (9) investigated 
the effects of propofol on insulin sensitivity in rats. The results 
revealed that anesthesia with propofol induced systemic 
insulin resistance through decreasing insulin‑stimulated 
glucose uptake in the skeletal and heart muscle, and attenu-
ating the insulin‑mediated suppression of hepatic glucose 
output.

However, little information is available with regard to the 
effect of propofol alone on the insulin signaling pathway and 
insulin resistance, excluding the effects of other factors, such 
as surgical stress and the presence of fat‑soluble carriers. Thus, 
whether propofol aggravates insulin resistance in critically ill 
patients and whether the infusion of propofol is safe in critical 
patients with insulin resistance remain unknown.

The liver is the major target organ of insulin, and the 
most important organ involved in the regulation of glucolipid 
metabolism (10). In the present study, the effects of propofol 
on insulin resistance in primary mouse hepatocytes were 
examined with the aim to investigate the molecular mecha-
nisms underlying the effect of propofol on insulin resistance.

The research results may provide a scientific basis for 
the targeted prevention and treatment of insulin resistance in 
critically ill patients, and guide the selection of appropriate 
anesthetic methods and drugs clinically.

Materials and methods

Reagents. Clinical propofol injections contain numerous 
auxiliary materials, including fats, soybean oils, purified 
lecithin, glycerin and oleic acid, and high fat can induce 
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insulin resistance (11‑13). In order to avoid the interference of 
auxiliary materials in the propofol injection, propofol with a 
high purity (97%; Sigma‑Aldrich, St. Louis, MO, USA) was 
selected. Due to the hydrophobicity of propofol, 0.1% (final 
concentration) dimethyl sulfoxide (DMSO) was used as a 
solvent. Lithium chloride (LiCl) was used in the experiment to 
determine whether GSK‑3β is a target of propofol. LiCl, tumor 
necrosis factor (TNF)‑α and DMSO were purchased from 
Sigma‑Aldrich. TNF‑α was used to induce insulin resistance 
in primary mouse hepatocytes (14‑16). The culture reagents 
were purchased from Invitrogen Life Technologies (Carlsbad, 
CA, USA), and the reagents used for SDS‑PAGE were obtained 
from Bio‑Rad Laboratories, Inc. (Hercules, CA, USA). 
Antibodies against Akt, phosphorylated (p) Akt  (Ser473), 
glycogen synthase kinase‑3β (GSK‑3β) and p‑GSK‑3β (Ser9) 
were purchased from Cell Signaling Technology, Inc. 
(Danvers, MA, USA).

Animals. A total of 10 male C57BL/6J mice (age, 8 weeks; 
weight, 22‑32 g) were provided by Peking University Health 
Science Center (Beijing, China). A single mouse provided 
between 5x107 and 5x108 primary hepatocytes. Animal 
procedures were performed in accordance with the National 
Institutes of Health Animal Care and Use Guidelines (17), 
and animal experimental protocols were approved by the 
Animal Ethics Committee of Zhujiang Hospital (Guangzhou, 
China).

Isolation of mouse primary hepatocytes. Primary hepatocytes 
were isolated using a two‑step collagenase perfusion method 
[0.2 mg/ml type IV collagenase (Sigma‑Aldrich) in Hank's 
balanced salt solution], as described previously (18,19). The 
hepatocytes were collected by centrifugation at 120 x g for 
8  min. Immediately following harvesting, the cells were 
suspended in prewarmed William's E medium (Sigma‑Aldrich) 
that was supplemented with 10% fetal bovine serum, 20 ng/ml 
dexamethasone (Sigma‑Aldrich), insulin (5 mg/l), transferrin 
(5 mg/l), sodium selenate (5 µg/l; Sigma‑Aldrich) and 10 µg/ml 
gentamicin (Invitrogen Life Technologies). The hepatocytes 
were plated in collagen‑coated 25‑cm2 flasks at a density 
of 1x106 cells/flask and would be used as a control in the 
following experiment.

Western blot analysis. Cell lysates (15‑30 µg protein) were 
separated by 10% SDS‑PAGE and transferred to polyvinyl-
difluoride membranes (Millipore Corporation, Billerica, MA, 
USA), after which the membranes were blocked with 5% 
nonfat dry milk. Subsequently, the membranes were probed 
with antibodies against Akt, p‑Akt, GSK and p‑GSK at 4˚C 
overnight. The blots were also probed with a β‑actin antibody 
to ensure that approximately equal amounts of protein were 
loaded. Next, the blots were incubated with a horseradish 
peroxidase‑conjugated anti‑IgG secondary antibody, which 
was followed by detection with enhanced chemiluminescence 
(Millipore Corporation).

Analysis of the glycogen content. Glycogen levels were 
measured in the cells for 3 h in the presence of 10 nmol/l 
insulin (USBio, Salem, MA, USA) using a glycogen assay kit 
(Biovision, Inc., Milpitas, CA, USA).

Cell viability assay. A 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphe-
nyltetrazolium bromide tetrazole (MTT) reduction assay was 
used to asses cell viability. Mouse primary hepatocytes were 
plated in 24‑well plates (3x104 cells per well). After incubation 
for 24 h, the cells were treated with increasing concentrations 
of propofol for 24 h. MTT (0.5 mg/ml; Sigma‑Aldrich) was 
then added to each well (200 µl/well). After additional incuba-
tion for 4 h, MTT solution was discarded and 200 µl DMSO 
(Amresco LLC, Solon, OH, USA) was added and the plates 
were shaken gently. The absorbance was measured using an 
ELISA reader at a wavelength of 490 nm. 

Statistical analysis. Data represent the mean of duplicate 
samples from three separately performed experiments, and 
the results are expressed as the mean ± standard deviation. 
Statistical analysis was performed with SPSS statistical 
software (version  19.0; IBM SPSS, Armonk, NY, USA). 
Differences between two groups were analyzed for statistical 
significance using the Student's t‑test, while one‑way analysis 
of variance, followed by Tukey's test, were used to compare 
the differences among >2 groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effects of propofol on the cell viability of mouse primary 
hepatocytes. Cell viability of the primary mouse hepatocytes 
was detected with a MTT assay, subsequent to the hepato-
cytes being treated with different concentrations of propofol 
for 24 h. Propofol at concentrations between 1 and 25 µg/ml 
was shown to have no significant effect on the cell viability 
(Fig. 1A); however, when the final concentration of propofol 
reached 100 µg/ml, the cell viability decreased to 35±5% 
of the control (P<0.001). Thus, a 10‑µg/ml concentration of 
propofol was selected to use in the subsequent experiments, 
since minimal effects were observed on the cell viability 
compared with higher doses, and use of this concentration 
had been previously reported (20,21). In the following experi-
ment, the effect of propofol at different culture periods (1‑32 h) 
was analyzed. The results revealed no statistically significant 
differences in the viability of the hepatocytes following treat-
ment with 10 µg/ml propofol between 1 and 32 h (P>0.05; 
Fig. 1B). From these results, the dose of propofol selected was 
demonstrated to not affect the viability of the hepatocyptes 
during the culture period of the subsequent assays.

Propofol induces insulin resistance in mouse primary hepato‑
cytes. Primary mouse hepatocytes were treated with 10 µg/ml 
propofol for 24 h, after which the cells were assayed with western 
blot analyses to detect the protein expression levels of compo-
nents of the phosphoinositide 3‑kinase (PI3K)/Akt/GSK‑3β 
signaling pathway. In addition, a glycogen assay kit was used to 
detect the level of glycogen synthesis. Following treatment with 
propofol for 24 h, the phosphorylation levels of Akt (Ser473) 
and GSK‑3β (Ser9) were found to decrease (Fig. 2A‑C), and the 
rate of glycogen synthesis had reduced (Fig. 2D). Hepatocytes 
were simultaneously treated with propofol (final concentration, 
10 µg/ml) and LiCl (final concentration, 20 µmol/l) for 24 h. 
No statistically significant difference was observed in the level 
of glycogen synthesis or the ratio of pGSK‑3β (Ser9)/GSK‑3β 
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between the propofol + LiCl and DMSO groups (P>0.05). 
However, a statistically significant difference was observed 
in the ratio of pAkt (Ser473)/Akt between the propofol + LiCl 
and DMSO groups (P<0.05), and a statistically significant 
difference was observed in the ratio of pAkt  (Ser473)/Akt 
between the propofol + LiCl and propofol groups (P<0.05). 
Furthermore, a statistically significant difference was observed 
between pAkt (Ser473) and Akt expression levels, as well as 
between propofol alone and propofol + LiCl (P<0.05).

TNF‑α inhibits the PI3K/Akt/GSK‑3β signaling pathway and 
glycogen synthesis in mouse primary hepatocytes. Following 
treatment with TNF‑α for 24  h, the expression levels of 
pAkt (Ser473)/Akt decreased to 45±12% of that in the control 
group (P<0.01), while the pGSK‑3β (Ser9)/GSK‑3β expres-
sion levels decreased to 47±11% of that in the control group 
(P<0.01). In addition, the level of glycogen synthesis declined 
to 49±10% of that in the control group (P<0.01; Fig.  3). 
Therefore, TNF‑α was shown to mimic the effects of propofol.

Figure 2. (A) Western blot analysis showing the protein expression levels of pAkt (Ser473), Akt, pGSK‑3β (Ser9) and GSK‑3β, where β‑actin was used 
as an internal control. (B) Propofol inhibits pAkt (Ser473)/Akt expression in mouse primary hepatocytes. **P<0.01, propofol vs. DMSO group; *P<0.05, 
propofol + LiCl vs. DMSO group. (C) Propofol inhibits pGSK‑3β (Ser9)/GSK‑3β expression in mouse primary hepatocytes. **P<0.01, propofol vs. DMSO 
group. (D) Glycogen levels were measured in mouse primary hepatocytes using a glycogen assay kit. Propofol inhibits glycogen synthesis in mouse primary 
hepatocytes. *P<0.05, propofol vs. DMSO group. LiCl, lithium chloride; DMSO, dimethylsulfoxide; GSK, glycogen synthase kinase; n.s., not significant.

  A   B

  C   D

Figure 1. Effect of propofol on the cell viability of mouse primary hepatocytes. (A) Mouse primary hepatocyte viability was not significantly affected by 
treatment with the tested propofol concentrations (1‑25 µg/ml), although cell viability was impaired at concentrations over the tested concentration range 
(>100 µg/ml). ***P<0.001, vs. DMSO group. (B) Mouse primary hepatocyte viability was not significantly affected by treatment with propofol (10 µg/ml) for 
32 h. DMSO, dimethyl sulfoxide.

  A   B
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Figure 4. Pretreatment with propofol alleviates the inhibition of TNF‑α on the PI3K/Akt/GSK‑3β signaling pathway and glycogen synthesis in mouse primary 
hepatocytes. (A) Western blot analysis showing the protein expression levels of pAkt (Ser473), Akt, pGSK‑3β (Ser9) and GSK‑3β, where β‑actin was used as 
an internal control. (B) Effect of the different treatments on pAkt (Ser473)/Akt protein expression levels. ***P<0.001, propofol + TNF‑α vs. DMSO + TNF‑α 
groups. (C) Effect of the different treatments on pGSK‑3β (Ser9)/GSK‑3β protein expression levels. **P<0.01, propofol + TNF‑α group vs. DMSO + TNF‑α 
group. (D) Glycogen levels were measured in mouse primary hepatocytes using a glycogen assay kit. *P<0.05, propofol + TNF‑α group vs. DMSO + TNF‑α 
group. TNF, tumor necrosis factor; PI3K, phosphoinositide 3‑kinase; GSK, glycogen synthase kinase; DMSO, dimethylsulfoxide; n.s., not significant.

  A   B

  C   D

Figure 3. TNF‑α inhibits the PI3K/Akt/GSK‑3β signaling pathway and glycogen synthesis in mouse primary hepatocytes. (A) Western blot analysis showing 
the protein expression levels of pAkt (Ser473), Akt, pGSK‑3β (Ser9) and GSK‑3β, where β‑actin was used as an internal control. (B) TNF‑α inhibits 
pAkt (Ser473)/Akt expression in mouse primary hepatocytes. **P<0.01, vs. control. (C) TNF‑α inhibits pGSK‑3β (Ser9)/GSK‑3β expression in mouse primary 
hepatocytes. **P<0.01, vs. control. (D) Glycogen levels were measured in mouse primary hepatocytes using a glycogen assay kit. TNF‑α inhibits glycogen 
synthesis in mouse primary hepatocytes. **P<0.01, vs. control. TNF, tumor necrosis factor; PI3K, phosphoinositide 3‑kinase; GSK, glycogen synthase kinase.

  A   B

  C   D
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Pretreatment with propofol alleviates the inhibition of TNF‑α 
on the PI3K/Akt/GSK‑3β signaling pathway and glycogen 
synthesis in mouse primary hepatocytes. Hepatocytes 
were treated with 10  µg/ml propofol for 6  h, and subse-
quently treated with 10 ng/ml TNF‑α for 24 h. The results 
revealed that the expression levels of pAkt (Ser473)/Akt and 
pGSK‑3β  (Ser9)/GSK‑3β, and the glycogen content in the 
propofol pretreatment group, were higher compared with those 
in the DMSO + TNF‑α group (P<0.001, P<0.01 and P<0.05, 
respectively; Fig. 4).

Discussion

Insulin resistance is a physiological state that is characterized 
by the failure to suppress glycogenolysis or hepatic glucose 
production (22). The blockage or weakening of insulin signal 
transduction, which can be induced by multiple factors, 
is the main pathogenetic mechanism underlying insulin 
resistance (23). The PI3K‑Akt signaling pathway is a classic 
insulin signal transduction pathway (24), and all the factors 
that directly or indirectly influence this pathway are able to 
induce insulin resistance. In the present study, propofol was 
demonstrated to significantly reduce the phosphorylation 
levels of Akt (Ser473) and GSK‑3β (Ser9), which subsequently 
blocked the PI3K/Akt/GSK‑3β signaling pathway and inhib-
ited glycogen synthesis in primary mouse hepatocytes. These 
results indicated that propofol induced insulin resistance in 
primary mouse hepatocytes.

Lithium selectively inhibits GSK‑3β activity  (25,26). 
As shown in Fig. 2, there were no statistically significant 
differences in the glycogen synthesis level (P>0.05) or 
the GSK‑3β  (Ser9) phosphorylation level (P>0.05) when 
comparing the group treated with propofol and lithium and 
the control group. However, the phosphorylation level of 
Akt (Ser473) was significantly different (P<0.05) between the 
two groups. These results indicate that LiCl counteracts the 
inhibitory effect of propofol on glycogen synthesis in primary 
mouse hepatocytes. In addition, the results demonstrate that 
the inhibition of GSK‑3β (Ser9) phosphorylation is a critical 
step in the inhibitory effect of propofol on glycogen synthesis 
in primary mouse hepatocytes. However, LiCl was unable to 
completely eliminate the inhibitory effect of propofol on the 
PI3K/Akt/GSK‑3β signaling pathway, indicating that the target 
of propofol for the induction of insulin resistance in primary 
mouse hepatocytes was upstream of GSK‑3β.

TNF‑α, which is mainly secreted by monocytes or macro-
phages, is an important proinflammatory cytokine, and also a 
key component in obesity and insulin resistance (27,28). In the 
present study, TNF‑α was shown to inhibit the PI3K/Akt/GSK‑3β 
signaling pathway and glycogen synthesis in primary mouse 
hepatocytes. Furthermore, TNF‑α induced insulin resistance in 
the primary mouse hepatocytes. By this means, the cell model 
of insulin resistance was successfully constructed.

As shown in Fig.  4, the phosphorylation levels of 
Akt (Ser473) and GSK‑3β (Ser9), as well as the total level of 
glycogen synthesized, in the group treated with propofol and 
TNF‑α were higher compared with the control group treated 
with TNF‑α alone. These observations indicated that pretreat-
ment with propofol alleviated the inhibitory effects of TNF‑α 
on the PI3K/Akt/GSK‑3β signaling pathway and glycogen 

synthesis in primary mouse hepatocytes. Furthermore, the 
present results indicated that propofol exerted a protective 
effect on the insulin resistance of primary mouse hepatocytes 
induced by TNF‑α. Propofol administration alone was shown 
to inhibit the PI3K/Akt/GSK‑3β signaling pathway in primary 
mouse hepatocytes. Notably, pretreatment with propofol 
was also shown to alleviate the inhibition of TNF‑α on the 
PI3K/Akt/GSK‑3β signaling pathway in primary mouse hepa-
tocytes. These two seemingly contradictory results indicate 
that the protective effect of propofol on TNF‑α‑induced insulin 
resistance in primary mouse hepatocytes is not achieved 
through a direct effect on the PI3K‑Akt signaling pathway.

Nuclear factor‑κB (NF‑κB) is widely distributed in tissue 
cells (29). The transcription factor plays an important role in 
cell signal transduction and gene expression regulation, and 
is also the critical nuclear factor involved in the initiation and 
regulation of inflammation. In recent years, the inflammatory 
response mediated by NF‑κB is one focus of research into the 
mechanisms underlying insulin resistance (30,31). Following 
NF‑κB activation, the transcription of inflammatory factors, 
such as TNF‑α, interleukin (IL)‑1β and IL‑6, is initiated and 
regulated. These transcription factors serve as new activators 
of NF‑κB, and subsequently, a positive feedback loop of low 
inflammation signaling is formed. As a result, insulin resis-
tance is generated or aggravated (29,32,33). Previous studies 
have demonstrated that propofol inhibits NF‑κB activity in 
various tissues or cells (34‑38). Therefore, it was hypothesized 
that the protective effect of propofol against TNF‑α‑induced 
insulin resistance in primary mouse hepatocytes may be 
associated with the inhibitory effect of propofol on the NF‑κB 
signaling pathway.

In conclusion, propofol was demonstrated to induce insulin 
resistance in primary mouse hepatocytes, while pretreatment 
with propofol was shown to alleviate insulin resistance in 
primary mouse hepatocytes induced by TNF‑α. These results 
indicate that propofol may alleviate insulin resistance in criti-
cally ill patients; thus, the infusion of propofol in critically ill 
patients may be clinically feasible.
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