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Abstract. Non‑insulin‑dependent diabetes mellitus (NIDDM) 
is associated with chronic inflammatory activity and disrupted 
insulin signaling, leading to insulin resistance (IR). The present 
study investigated the benefits of neurolytic celiac plexus block 
(NCPB) on IR in a rat NIDDM model. Goto‑Kakizaki rats 
fed a high‑fat, high‑glucose diet to induce signs of NIDDM 
were randomly divided into NCPB and control groups; these 
received daily bilateral 0.5% lidocaine or 0.9% saline injec-
tions into the celiac plexus, respectively. Following 14 and 
28 daily injections, rats were subject to oral glucose tolerance 
tests (OGTTs) or sacrificed for the analysis of serum free fatty 
acids (FFAs), serum inflammatory cytokines and skeletal 
muscle insulin signaling. Compared with controls, rats in the 
NCPB group demonstrated significantly (P<0.05) lower base-
line, 60‑min and 120‑min OGTT values, lower 120‑min serum 
insulin, lower IR [higher insulin sensitivity index (ISI1) and 
lower ISI2) and lower serum FFAs, tumor necrosis factor‑α, 
interleukin (IL)‑1β and IL‑6. Conversely, NCPB rats exhibited 
higher basal and insulin‑stimulated skeletal muscle glucose 
uptake and higher skeletal muscle insulin receptor substrate‑1 
(IRS‑1) and glucose transporter type 4 expression. There were 
no differences between the groups in insulin receptor β (Rβ) 
or Akt expression; however Rβ‑Y1162/Y1163 and Akt‑S473 
phosphorylation levels were higher and IRS‑1‑S307 phos-
phorylation were lower in NCPB rats than in the controls. 

These results indicate that NCPB improved insulin signaling 
and reduced IR, possibly by inhibiting inflammatory cytokine 
release.

Introduction

Non‑insulin‑dependent diabetes mellitus (NIDDM or 
type 2 DM), the predominant form of adult‑onset DM, is 
rapidly becoming a global public health emergency  (1). 
Insulin resistance (IR) and pancreatic islet cell dysfunction 
are the major pathophysiological characteristics of the disease, 
leading to relative insulin deficiency and aberrant glucose 
metabolism (2). The development of IR is closely associated 
with inflammatory processes, and NIDDM is increasingly 
recognized as an inflammatory metabolic disorder. In 
NIDDM, the chronic elevation of inflammatory cytokines 
and free fatty acids (FFAs) disrupts insulin signaling and, 
ultimately, causes the degeneration of pancreatic cells (3‑6). 
The insulin receptor (InsR)/insulin receptor substrate 
(IRS)/phosphoinositide 3‑kinase (PI3K)/Akt pathway is the 
critical homeostatic cascade linking insulin release to tissue 
glucose uptake  (7). Increasing evidence suggests that this 
pathway is a target of multiple metabolic signals and inflam-
matory cytokines associated with obesity (8,9). This pathway is 
also considered to represent a key risk factor in the development 
of NIDDM, including its actions upon FFAs, tumor necrosis 
factor α (TNF‑α) and the pro‑inflammatory interleukins IL‑1β 
and IL‑6 (10‑12). Amongst other effects, these factors cause 
aberrant phosphorylation and dephosphorylation of InsR, 
IRS and Akt; this reduces the efficacy of insulin signaling, 
including insulin‑evoked glucose transport (4,6,7,10,11).

The celiac plexus is the body's largest autonomic nerve 
plexus; neurolytic celiac plexus block (NCPB) is therefore an 
effective method to relieve pain, for instance in cancer treat-
ments  (13). Our previous study of NCPB in rats following 
resection of 70% of the liver indicated that NCPB attenuated 
IR; this may be due to an inhibition of systemic inflamma-
tory response syndrome that typically occurs following 
severe trauma  (14). NCPB may therefore slow or reverse 
NIDDM‑associated dysfunction via the suppression of 
immune‑mediated IR. The current study therefore measured 
functional and molecular changes associated with NIDDM, 
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including oral glucose tolerance tests (OGTTs), insulin sensi-
tivity, skeletal muscle glucose uptake, serum cytokines and 
skeletal muscle insulin signaling in the Goto‑Kakizaki (GK) 
rat model of diabetes (15,16).

Materials and methods

Chemicals and reagents. Rat enzyme‑linked immunosorbent 
assay (ELISA) kits for measurement of FFAs, TNF‑α, IL‑1β and 
IL‑6 were purchased from Cusabio Biotech Co., Ltd. (Wuhan, 
China). Insulin radioimmunoassay kit purchased from Tianjin 
Jiuding Medical Biology Engineering Co. (Tianjin, China). 
Tissue protein extraction solution was purchased from Pierce 
Biotechnology, Inc. (Rockford, IL, USA). The following primary 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA): Anti‑glyceraldehyde‑3‑phosphate 
dehydrogenase (GAPDH) mouse monoclonal immuno-
globulin G (IgG; cat. no. sc‑166574), anti‑insulin receptor β 
(Rβ) rabbit polyclonal IgG (cat. no.  sc‑711), anti‑p‑insulin 
Rβ antibody (Tyr 1162/1163; cat. no. sc‑25103), anti‑insulin 
receptor substrate‑1 (IRS‑1) rabbit polyclonal IgG 
(cat. no. sc‑559), anti‑p‑IRS‑1 (S307) rabbit polyclonal IgG 
(cat.  no.  sc‑33956), anti‑Akt1/2/3 rabbit polyclonal IgG 
(cat. no. sc‑8312), anti‑p‑Akt1/2/3 (S473) rabbit polyclonal IgG 
(cat. no. sc‑7985‑R), anti‑glucose transporter type 4 (GLUT4) 
rabbit polyclonal IgG (cat. no. sc‑7938) and goat anti‑p‑insulin 
Rβ (Y1162/Y1163; cat. no. sc‑25103). Horseradish peroxidase 
(HRP)‑labeled rabbit anti‑mouse IgG (cat. no. TA130002), 
HRP‑labeled rabbit anti‑goat IgG (cat.  no.  TA130024), 
HRP‑labeled goat anti‑rabbit IgG (cat. no. TA130031) and 
enhanced chemiluminescence (ECL) detection reagents were 
from OriGene Technologies, Inc. (Beijing, China).

GK rat model of NIDDM. A total of 25, 3‑month‑old GK male 
rats (weighing 305.7±18.4 g) were purchased from Shanghai 
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The 
animal experiments were approved by the Committee of 
Animal Care and Use within the of Chengdu Military General 
Hospital Command Area (Chengdu, China). Diabetes was 
induced using a high‑fat and high‑sugar diet, as previously 
described  (17). After the first 2 weeks of the diet, fasting 
blood glucose (FBG) was tested weekly after an 18‑h fast, 
using blood from the tail vein. A FBG level of >9 mmol/l was 
considered to indicate NIDDM. All 25 rats demonstrated tail 
vein FBG values >9 mmol/l at the first test.

Baseline OGTT and insulin sensitivity indices (ISI1 and 
ISI2) were recorded in 5 NIDDM rats (N0), and the remainder 
were randomly divided into two groups. The NCPB group 
received daily bilateral percutaneous injections of 0.5% 
lidocaine (1 ml/side) and control group rats received the same 
volume of 0.9% saline into the celiac plexus. Following the 
14th (N14) and 28th (N28) injections, OGTT, IR, serum cyto-
kine levels and the expression and phosphorylation status of 
insulin signaling factors in skeletal muscles were measured in 
5 rats from each group.

Neurolytic celiac plexus block. Rats received 0.5% lidocaine  
(2 ml once/day) or saline under ether anesthesia. The punc-
ture point was determined in accordance with a previous 
report (18). Briefly, rats were injected bilaterally at the first 

lumbar transverse process, the first bony protrusion under the 
root of the last rib. The needle was inserted vertically until it 
touched the tip of the transverse process, and was then turned 
medially and 70‑80˚ vertically over the outer edge of the 
transverse process tip. Insertion continued until penetration 
was felt.

OGTT assay. Rats were administered 500 g/l glucose at 2 g/kg 
body mass by gavage, under ether anesthesia and following an 
18‑h fast. Blood samples (0.5 ml) from the orbital venous plexus 
were obtained at T0 (0 min), T1 (60 min) and T2 (120 min). Blood 
glucose was measured by the glucose oxidase method (19) and 
serum insulin by radioimmunoassay using the insulin radioim-
munoassay kit according to the manufacturer's protocol. Blood 
glucose at T0 was considered to be the FBG and T0 insulin 
as fasting insulin (FIns). OGTT values were used to calculate 
the insulin sensitivity indices (ISI1 and ISI2) as previously 
described (13,20): ISI1 = 1/(FBG x FIns) and ISI2 = area under the 
curve of glucose (AUCg)/area under the insulin curve (AUCi), 
where AUCi = [(I0 min + I60 min)/2] + [(I60 min + I120 min)/2] and  
AUCg = [(G0 min + G60 min)/2] + [(G60 min + G120 min)/2].

Determination of skeletal muscle glucose uptake. Rats were 
sacrificed by decapitation 12 h after the OGTT test. Serum 
and quadriceps muscle samples for biochemical analyses 
were collected, which were stored at ‑80˚C until use. A 
100 mg sample of freshly isolated soleus muscle was used 
to determine skeletal muscle 2‑deoxy‑D‑glucose (2‑DG) 
uptake in each rat (14). Soleus muscle bundles were placed 
in Krebs‑Ringer bicarbonate buffer (OriGene Technologies, 
Inc., Beijing, China) with or without 1.0 µmol/ml insulin 
to measure insulin‑stimulated and basal glucose uptake, 
respectively. After 1 h shaking at 37˚C under 95% O2 and 
5% CO2, 1.85x104 Bq 3H‑2‑DG and 1.5 nmol/l 2‑DG (Serva 
Electrophoresis GmbH, Heidelberg, Germany) were added 
and incubation continued with shaking for 30 min. Muscle 
samples were washed and placed in liquid scintillation 
vials with ethylene glycol ether (5 ml) and scintillation fluid 
(0.5 g 2,5‑diphenyloxazole, 0.2 g phenylene benzoxazole and 
1,000 ml toluene). Vials were left overnight in a darkroom. 
Other muscle samples were boiled prior to their use in 
assays, in order to correct for extracellular glucose uptake 
and non‑specific absorption. Radioactivity was measured 
using a gamma counter (Wizard® gamma; PerkinElmer, Inc., 
Waltham, MA, USA).

Serum cytokine detection. Serum samples collected prior to 
and following the 14th and 28th daily injections were used to 
detect serum levels of FFAs and the inflammatory cytokines 
TNF‑α, IL‑1β and IL‑6, using commercial ELISA kits in 
accordance with the manufacturers' instructions.

Western blotting. Skeletal muscle total protein was extracted 
in protein extraction solution in accordance with the manu-
facturer's instructions, and measured using the Bradford 
method. Extracted proteins were separated on 6% sodium 
dodecyl sulfate polyacrylamide gels at 50 µg protein per lane, 
and transferred to polyvinylidene difluoride membranes using 
semi‑dry electroblotting for 1 h. The membranes were blocked 
in phosphate‑buffered saline (PBS) containing 0.5% bovine 
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serum albumin (OriGene Technologies, Inc.); membranes 
were then incubated overnight at 4˚C in 0.01  mol/l PBS 
containing an antibody against insulin Rβ, IRS‑1, Akt1/2/3, 
GLUT4, p‑Rβ, p‑IRS‑1, p‑Akt1/2/3 or GAPDH, the gel 
loading control. The immunolabeled membranes were washed 
3 times, 5 min/wash, with 0.01 mol/l PBS‑0.02% Tween and 
then incubated with an HRP‑labeled rabbit anti‑mouse or 
HRP‑labeled goat anti‑rabbit secondary antibody, as appro-
priate (dilution, 1:400) for 1 h at 37˚C. Following treatment 
with ECL detection reagents, immunoblot images were 
acquired and the optical density (intensity) x area (mm2) of 
the bands were measured using a UVP GelDoc 310 Imaging 
system (UVP, Inc., Upland, CA, USA). The relative target 
protein expression levels were estimated by the ratio of the 
optical density (intensity) x area (mm2) of the target band and 
that of the GAPDH band.

Statistical analysis. Statistical analysis was performed using 
SPSS statistical software, version 17.0 (SPSS Inc., Chicago, IL, 
USA). Experimental data are presented as the mean ± standard 
deviation. All data sets were tested for homogeneity of vari-
ance (probability of error of 5%). Groups with homogeneity of 
variance were compared using an analysis of variance. When 
the heterogeneity of variance assumption was rejected, groups 
were compared using F‑tests. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

NCPB decreases serum glucose levels in NIDDM rats. Indices 
of glucose tolerance, insulin sensitivity and skeletal muscle 
insulin signaling in NIDDM model rats treated by daily 
neurolytic celiac plexus block (NCPB) using 0.5% lidocaine, 
and control rats injected with saline were compared. Fasting 
OGTTs in NIDDM model rats (T0) revealed significantly 
lower mean FBG levels in NCPB group rats following the 
14th and 28th daily NCPB (N14 and N28) compared with the 
first measurement prior to NCPB (vs. N0; P<0.01; Fig. 1A). By 
contrast, control group rats demonstrated no reduction in FBG 
following the 14th and 28th daily saline injection compared 
with N0; furthermore, NCPB‑treated rats reported signifi-
cantly lower FBG compared with the control, saline‑treated 
rats following N14 and N28 (P<0.01; Fig. 1A). NCPB group 
rats also demonstrated lower blood sugar levels subsequent to 
N14 at T1 (60 min; P<0.05; Fig. 1B), and subsequent to N14 and 
N28 at T2 (120 min; P<0.01; Fig. 1C) following glucose gavage, 
compared with blood sugar readings at N0. NCPB‑treated rats 
also reported lower blood sugar values compared with the 
control group following N14 and N28, at T1 and at T2 (P<0.01; 
Fig. 1B and C); however, it is of note that at T2, control group 
blood glucose levels following N14 and N28 were significantly 
higher than those at N0 (P<0.05). Serum insulin levels at T0 
and T1 were comparable amongst all groups (Fig. 1D and E); 

Figure 1. Daily neurolytic celiac plexus block enhances glucose tolerance in non‑insulin‑dependent diabetes mellitus model rats. The mean concentrations 
of blood glucose at (A) T0, (B) T1 and (C) T2, and serum insulin at (D) T0, (E) T1 and (F) T2, measured using an oral glucose tolerance test, in the control and 
NCPB groups. Data are expressed as the mean ± standard deviation at each time point (n=5). T0, 0 min after glucose gavage; T1, 60 min after glucose gavage; 
T2, 120 min after glucose gavage; N0, injection day 0; N14, injection day 14; N28, injection day 28; T, time; Glu, blood glucose; NCPB, neurolytic celiac plexus 
block. #P<0.05 and ##P<0.01 vs. N0; *P<0.05 and **P<0.01 vs. control group.
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however, the serum insulin level at T2 was significantly lower 
than the baseline value (N0) in NCPB rats (P<0.05 following 
N14; P<0.01 following N28) and lower than the control group 
value following N28 at T2 (P<0.05; Fig. 1F). It was therefore 
concluded that daily NCPB treatments enhanced glucose 
tolerance in NIDDM model rats.

NCPB reduces IR. In the control group, the ISI1 values 
measured at N14 and N28 were not significantly different 
from that at N0. By contrast, the ISI1 values reported 
following N14 and N28 in the NCPB group were significantly 
higher than the ISI1 values at N0, and than the relevant control 
values (P<0.01; Fig. 2A). The ISI2 value of the control group 
at N28 was significantly higher than that at N0 (P<0.05; 
Fig. 2B). In the NCPB group, the ISI2 at N14 was signifi-
cantly lower than that at N0, and significantly lower than the 
corresponding control group values following N14 and N28 
(P<0.01; Fig. 2B).

NCPB enhances baseline and insulin‑stimulated glucose 
uptake in skeletal muscle. Basal glucose uptake by skeletal 
muscle in control group rats decreased between N0 and N14 
(P<0.05) and more so following N28 (P<0.01; Fig. 3A). By 
contrast, basal glucose uptake was maintained in the NCPB 
group rats, revealing no significant change from the N0 base-
line but higher values following N14 and N28 compared with 
controls (P<0.01; Fig. 3A). Insulin‑stimulated glucose uptake 
by skeletal muscle in the control group rats did not signifi-
cantly change following N14, but was significantly lower 
than that at N0 by N28 (P<0.01; Fig. 3B). Insulin‑stimulated 
glucose uptake by skeletal muscle from the NCPB group 
following N14 did not differ from baseline, but was signifi-
cantly higher at N28 compared with that of the control group 
(P<0.01; Fig. 3B).

NCPB reduces serum FFA and pro‑inflammatory cytokine 
levels. In the control group, serum TNF‑α levels were signifi-
cantly higher at N14 and N28 compared with the N0, baseline 
level (P<0.05 and P<0.01, respectively; Fig 4A). There was 
no significant change in serum TNF‑α in the NCPB group 
following N14 and N28 compared with the levels at N0; 
however, N14 and N28 TNF‑α levels were significantly lower 
than the corresponding control group values (P<0.05 and 
P<0.01, respectively; Fig. 4A). Similarly, serum IL‑1β levels 
increased in the control group compared with the N0 base-
line levels (P<0.05 at N14; P<0.01 at N28), but decreased in 
the NCPB group (P<0.01 following N14 and N28 compared 
with the N0 levels); furthermore, NCPB group values were 
significantly lower than corresponding control values (P<0.01; 
Fig. 4B). Serum IL‑6 levels did not change in the control group 
during 28 days of saline injections, but were lower in the 
NCPB group compared with the N0 baseline levels (P<0.05 
at N14; P<0.01 at N28) and with the corresponding control 
group values (P<0.05 and P<0.01, respectively; Fig.  4C). 
Control group rats demonstrated significantly elevated serum 
FFA levels following N14 and N28 compared with N0 levels 
(P<0.05 and P<0.01, respectively; Fig. 4D). By contrast, serum 
FFA levels in the NCPB group gradually decreased and were 
significantly lower than the N0 baseline values following N28 
(P<0.01; Fig. 4D). Following N14 and N28, serum FFA levels 
were significantly lower in the NCPB group compared with 
the respective control group values (P<0.01; Fig. 4D).

Expression and activation of insulin signaling factors in 
skeletal muscle. Expression of insulin Rβ in skeletal muscle 
did not differ significantly from N0 levels in the NCPB or 
control groups following N14 and N28 (Fig.  5A and  B). 
However, Rβ tyrosine 1162 and 1163 dual phosphorylation, 
which is required for receptor autophosphorylation and 

Figure 2. Differences in (A) ISI1 and (B) ISI2 between control and NCPB 
group rats. Data are expressed as the mean ± standard deviation at each time 
point (n=5). N0, injection day 0; N14, injection day 14; N28, injection day 28; 
ISI1, insulin sensitive index 1; ISI2, insulin sensitive index 2; NCPB, neuro-
lytic celiac plexus block. #P<0.05 and ##P<0.01 vs. N0; **P<0.01 vs. control 
group.

Figure 3. Differences in (A) basal glucose uptake and (B) insulin‑stimulated 
glucose uptake by skeletal muscle in control and NCPB group rats. Data 
are expressed as the mean ± standard deviation at each time point (n=5). 
N0, injection day 0; N14, injection day 14; N28, injection day 28; NCPB, neu-
rolytic celiac plexus block. #P<0.05 and ##P<0.01 vs. N0; **P<0.01 vs. control 
group.
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insulin‑induced signaling, including glucose uptake (21,22), 
was significantly lower following N14 and N28 in the control 
group compared with N0 levels (P<0.01; Fig. 5A and C). In 
the NCPB group, phosphorylated tyrosine 1162 and 1163 levels 
did not significantly decrease until N28 (P<0.01), and N14 and 
N28 expression levels were significantly higher than those of 
the control group at N14 and N28 (P<0.01; Fig. 5A and C). 
Expression of IRS‑1, a key adaptor protein in transmission of 
signals from insulin receptors to Akt and other kinases (23), 
did not differ from baseline levels in skeletal muscle from 
control rats following N14 or N28, but increased significantly in 
skeletal muscle from the NCPB group compared with baseline 
and control levels (P<0.01; (Fig. 5A and D). Phosphorylation of 
IRS‑1 serine 307, a post‑translational modification associated 
with insulin resistance (24), was unchanged at N14 and N28 
relative to the baseline levels in skeletal muscle from control 
rats, but decreased significantly at the two time points in the 
NCPB group compared with baseline levels (P<0.01) and with 
the corresponding levels observed in the control group (P<0.01; 
Fig. 5A and E). Expression of Akt in skeletal muscle did not 
differ from baseline values in either group (Fig. 5A and F), 
but Akt serine 473 phosphorylation was significantly reduced 
compared with baseline levels in control and NCPB groups 
following N14 and N28 (P<0.0; Fig. 5A and F). However, 
expression was significantly higher in the NCPB group 
compared with the control group at N14 (P<0.01) and at N28 
(P<0.05; Fig. 5A and G). Finally, skeletal muscle expression of 
GLUT4 was significantly reduced following N14 and N28 in 
the control group (P<0.01), but significantly increased in the 
NCPB group following N28 (P<0.05; Fig. 5A and H). GLUT4 
expression in the NCPB group was also significantly higher 
than that in the control group following N14 and N28 (P<0.01) 
(Fig.  5A and  H). NCPB therefore partially or completely 
reversed numerous alterations to insulin signaling associated 
with IR and NIDDM.

Discussion

In the present study, GK rats fed a high‑fat and high‑sugar 
diet demonstrated several physiological deficits and molecular 
changes consistent with NIDDM, including elevated FBG 
levels, impaired glucose clearance, IR, reduced skeletal 
muscle glucose uptake and reduced expression levels of 
GLUT4 in skeletal muscle. In addition, dual Y1162/Y1163 
phosphorylation of insulin receptor β and Akt S473 phos-
phorylation were reduced. Finally, this model of NIDDM 
was associated with elevated serum FFA and inflammatory 
cytokine levels. Chronic NCPB, generated by the daily injec-
tion of 0.5% lidocaine, completely or partially attenuated these 
changes, which suggests that NCPB may mitigate a number 
of the pathophysiological deficits of NIDDM, such as IR, by 
reducing inflammatory damage.

IR is a critical pathogenic mechanism leading to the 
development of NIDDM. Development of IR involves 
changes to insulin receptor expression, and to downstream 
signaling pathways (25,26). The insulin receptor is a multi-
functional transmembrane glycoprotein consisting of an 
α subunit and a β subunit. The α subunit is responsible for 
binding insulin, whilst the β subunit has intrinsic tyrosine 
protein kinase (TPK) activity that initiates downstream 
intracellular signaling events (27). Numerous studies have 
demonstrated that diabetic hyperglycemia is associated 
with aberrant insulin receptor phosphorylation and reduced 
TPK activity (28,29). In the present GK model, insulin Rβ 
dual tyrosine 1162 and 1163 phosphorylation was markedly 
reduced. As Y1162/Y1163 dual phosphorylation is required 
for TPK autophosphorylation and activation, this reduction 
is likely to lead to decreased insulin signaling, which is 
indicative of insulin resistance. This IR‑associated change 
was partially reversed by NCPB, as suggested by the OGTT 
results, consistent with partial attenuation of IR.

Figure 4. Serum concentrations of (A) TNF‑α, (B) IL‑1β, (C) IL‑6, and (D) FFAs in control and NCPB group rats. Data are expressed as the mean ± standard 
deviation at each time point (n=5). N0, injection day 0; N14, injection day 14; N28, injection day 28; NCPB, neurolytic celiac plexus block; TNF‑α, tumor 
necrosis factor‑α; IL, interleukin; FFAs, free fatty acids. #P<0.05 and ##P<0.01 vs. N0; *P<0.05 and **P<0.01 vs. control group.
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IRS‑1 is an important mediator of insulin signaling (30). 
Insulin Rβ Y1162/Y1163 dual phosphorylation in the NCPB 
group was lower than baseline levels, which suggests only 
partial attenuation of IR, but daily NCPB significantly 
increased IRS‑1 expression in skeletal muscle; this may 
compensate for the reduced insulin Rβ phosphorylation 
and thereby maintain skeletal muscle insulin signaling. 
Furthermore, insulin‑triggered glucose uptake was maintained 

in NCPB‑treated rats but lower than baseline values were 
reported in control group rats. Tyrosine residues 465, 612, 632, 
662, 941 and 989 are the major IRS‑1 tyrosine sites and are 
crucial regulatory sites for insulin signaling (31). Inflammatory 
cytokines hinder IRS tyrosine phosphorylation by activating 
serine‑threonine kinases that, in turn, phosphorylate IRS‑1 
on residues, impeding interaction with insulin receptors and 
thereby reducing downstream signaling. TNF‑α may also 

Figure 5. Protein expression and phosphorylation levels of muscular insulin Rβ, IRS‑1, Akt and GLUT4 in control and NCPB group rats. (A) Lanes 1 and 2, 
protein expression or phosphorylation level in the control group at N28 and N14, respectively. Lane 3, protein expression or phosphorylation level at N0. 
Lanes 4 and 5, protein expression or phosphorylation level in the NCPB group at N14 and N28, respectively. (B‑H) Densitometric analyses (target protein 
optical density/GAPDH optical density). (B) Insulin Rβ, (C) pY1162/pY1163 insulin Rβ, (D) IRS‑1, (E) pS307 IRS‑1, (F) Akt, (G) pS473 Akt and (H) GLUT4. 
N, injection day 0; N14, injection day 14; N28, injection day 28; IRS‑1, insulin receptor substrate‑1; GLUT4, glucose transporter type 4; GAPDH, glyceralde-
hyde‑3‑phosphate dehydrogenase; NCPB, neurolytic celiac plexus block. ##P<0.01 vs. N0; *P<0.05 and **P<0.01 vs. control group.

  A   B

  C

  D

  E   F
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induce the phosphorylation of IRS‑1 at serine 307 (32,33). 
Phosphorylation of skeletal muscle IRS‑1 at serine 307 was 
significantly reduced following NCPB treatments, indicating 
that attenuated IR achieved using NCPB may be associated 
with the decreased phosphorylation of IRS‑1 serine 307.

Akt is a serine/threonine protein kinase and downstream 
target of PI3K (34). Under the action of insulin, PI3K acti-
vation produces phosphatidylinositol 3,4‑bisphosphate and 
phosphatidylinositol 3,4,5‑trisphosphate, which promote 
phosphoinositide‑dependent kinase‑1‑mediated phosphory-
lation, activating Akt  (35). Akt has two phosphorylation 
sites, serine 473 and threonine 308, and Akt is completely 
activated only when the two sites are phosphorylated (36). 
NCPB treatment did not affect Akt expression levels, but did 
partially reverse the reduced phosphorylation at serine 473 
in control GK rats. Phosphorylated Akt may regulate insulin 
metabolism by controlling GLUT translocation  (37) and 
NCPB may therefore maintain skeletal muscle glucose uptake 
by sustaining Akt activity. As a polar molecule, glucose 
must be transported into cells across the cell membrane 
by GLUTs in the majority of tissues, with the exception of 
cells in the small intestine and the renal tubules  (38,39). 
GLUT4 is an insulin‑dependent glucose transporter that is 
only expressed in insulin‑sensitive tissues, such as skeletal 
muscle, cardiac muscle and adipose tissue. GLUT4‑mediated 
glucose transport is the rate‑limiting step in glucose utiliza-
tion in peripheral tissues such as fat and muscle. Reduced 
expression or translocation of GLUT4 impairs glucose utili-
zation in peripheral tissues, thereby causing IR (40). In the 
adipocytes of patients with NIDDM and obese individuals, 
GLUT4 expression is significantly reduced (41) and, whilst 
total skeletal muscle GLUT4 expression is normal, defects 
occur in GLUT4 translocation to the membrane (42). In the 
current study, GLUT4 expression in skeletal muscle was 
significantly increased by NCPB, possibly by maintenance 
of Akt phospho‑activation and sustained membrane trans-
location, which is consistent with maintenance of skeletal 
muscle glucose uptake and improved glucose clearance in 
NCPB‑treated rats.

Inflammation is a central pathogenic mechanism in the 
development of IR and type 2 diabetes (43‑46). Obesity, a key 
risk factor for NIDDM, is associated with chronic inflam-
mation and the release of inflammatory mediators such as 
TNF‑α from adipose tissue; these inflammatory components 
may subsequently reduce insulin signaling and insulin‑evoked 
glucose uptake into skeletal muscle, and may also damage 
insulin‑producing pancreatic β cells  (3‑6,11,12,43‑46). As 
observed, TNF‑α interferes with insulin receptor down-
stream signaling by phosphorylating IRS‑1 at serine 307, 
resulting in reduced PI3K/Akt activity and GLUT4 transloca-
tion (32,33,47‑49). In addition, TNF‑α also directly inhibits 
GLUT4 mRNA expression  (50‑52). Furthermore, TNF‑α 
directly inhibits adipocyte differentiation and accelerates 
the decomposition of fat, resulting in increased serum FFA 
levels (53,54), which can cause IR by PKC‑θ‑mediated IRS‑1 
serine 307 phosphorylation (55). TNF‑α may also indirectly 
affect insulin signaling by stimulating the secretion of gluco-
corticoids, glucagon and catecholamines (56). In the present 
study, NCPB treatment reduced serum FFA and TNF‑α levels, 
which may have contributed to the reduction in IR.

IL‑1β can also induce IR by interfering with insulin 
signaling. Activation of IL‑1R induces the secretion and 
release of other pro‑inflammatory cytokines by activating 
inhibitor of nuclear factor (NF)‑κB kinase β subunit and 
NF‑κB. Inhibitor of NF‑κB kinase β subunit additionally 
prevents the association of InR and IRS, thereby terminating 
insulin signaling to PI3K, by phosphorylating IRS‑1 at 
serine 307 (24,57). Furthermore, IL‑1β can phosphorylate 
IRS‑1 serine 307 through the activation of c‑Jun N‑terminal 
kinases  (33), increase the expression of suppressor of 
cytokine signaling (SOCS) (58), thereby inhibiting insulin 
receptor‑mediated tyrosine phosphorylation of IRS, and 
promote IRS‑1/2 degradation through the competitive 
tyrosine phosphorylation of insulin receptor tyrosine 960 (59). 
IL‑1β also decreases GLUT4 gene expression, shortens 
GLUT4 mRNA half‑life (60) and reduces transmembrane 
GLUT4 transport by attenuating Akt activity (61). IL‑1β can 
additionally decrease IRS‑1 mRNA levels via the activation 
of extracellular signaling regulatory kinases (62), and may 
phosphorylate serine 24 of the IRS‑1 pleckstrin homology 
domain to reduce its tyrosine phosphorylation  (63). The 
increase in serum IL‑1β levels observed in control GK rats was 
markedly inhibited by NCPB in the current study, possibly 
contributing to the reduced IR observed in the NCPB‑treated 
GK rats. IL‑6 has previously been reported to reduce insulin 
receptor expression, IRS expression, IRS tyrosine phosphor-
ylation, Akt activation and GLUT4 expression (64,65) and 
to induce SOCS expression through the Janus kinase/Signal 
Transducer and Activator of Transcription signaling pathway 
to suppress insulin signaling. Similarly to IL‑1β and TNF‑α, 
serum levels of IL‑6 were significantly decreased following 
NCPB in the present study, which may have contributed to 
the alleviation of IR.

Serum FFAs may interfere with multiple aspects of insulin 
signaling. In a previous study using transgenic mice, elevated 
FFAs reduced IRS‑2 expression, IRS‑2 phosphorylation, PI3K 
activity and GLUT2 expression in liver cells (66); the reduc-
tion in IR resulting from NCPB treatments observed in the 
present study may therefore have resulted in part from reduced 
serum FFA levels.

The analgesic effect of NCPB is hypothesized to depend on 
a reduction in the response of the sympathetic nervous system 
and inhibition of catecholamine release. These effects may 
also be involved in the reduction of serum FFA and inflam-
matory cytokine secretion, although this requires additional 
study. Whilst the mechanisms behind NCPB have yet to be 
elucidated, it is evident that NCPB can attenuate IR in GK 
rats by improving insulin signaling and enhancing glucose 
uptake, suggesting that NCPB may be a feasible treatment for 
NIDDM. Clinical studies are necessary to test the efficacy of 
this potential therapeutic in patients with NIDDM.
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