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Studies on insulin resistance (IR) in chronic kidney disease (CKD) patients are rare, and its exact mechanism
remains unclear. In this study, we explored the molecular mechanism of IR with chronic renal failure (CRF) and
interventions to alleviate IR in patients with CRF.

In vivo and in vitro models of CRF were established by 5/6 nephrectomy and urea stimulation C2C12 cells, re-
spectively. Based on the CRF model, angiotensin Il (Ang Il) and valsartan groups were established to observe
the effect of drug intervention on IR. Western blot assays were performed to detect the expression and phos-
phorylation of IRS-1 and Akt, which are 2 critical proteins in the insulin signaling pathway.

Both urea stimulation and 5/6 nephrectomy induced glucose uptake disorder in skeletal muscle cells (P<0.01).
Skeletal muscle IR was aggravated in the Ang Il group (P<0.05) but alleviated in the valsartan group (P<0.01).
Regardless of the experimental method (in vivo or in vitro), tyrosine phosphorylation of IRS-1 and Akt were sig-
nificantly lower (P<0.01) and serine phosphorylation was significantly higher (P<0.01) in the model group than
in the sham/control group. Compared to the model group, additional Ang Il aggravated abnormal phosphory-
lation (P<0.05); conversely, additional valsartan alleviated abnormal phosphorylation to some extent (P<0.05).
There is skeletal muscle insulin resistance in the presence of CRF. This phenomenon can be aggravated by Ang
Il and partially relieved by valsartan. One of the mechanisms of IR in CRF patients may be associated with the
critical proteins in the IRS-PI3k-Akt pathway by changing their phosphorylation levels.
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Background

The prophylaxis and treatment of chronic kidney disease (CKD)
has become an important public health issue worldwide in re-
cent years [1]. Without effective control of renal function, CKD
patients will ultimately progress into end-stage renal disease
(ESRD). Cardiovascular events are the top causes of death in
ESRD patients. The incidence of cardiovascular events in di-
alysis patients has been shown to be 10-fold higher than in
the general population [2]. This phenomenon cannot be ex-
plained by hypertension, hyperlipidemia, and other tradition-
al risk factors. In the 1980s, DeFronzo et al. [3] observed that
insulin resistance (IR) was present in maintenance hemodial-
ysis patients. Our previous study suggested that IR was pres-
ent in 23% of patients with IgA nephropathy and was asso-
ciated with the progression of this disease [4]. IR is closely
associated with cardiovascular events and is regarded as an
independent risk factor for cardiovascular events in ESRD pa-
tients [5]. It has been shown that IR in CKD patients is differ-
ent from that in diabetes patients. The core site of IR in CKD
patients is peripheral skeletal muscle [6,7], rather than the liv-
er and adipose tissue. Insulin signaling pathways mainly in-
clude the IRS-PI3K-AKT pathway and the IRS-Ras-MAPK path-
way. Abnormality in the insulin signaling pathway is thought
to directly result in insulin resistance. In the presence of in-
sulin resistance, insulin action through the PI3K pathway is
blunted but the MAPK pathway remain intact. Some results
indicate that angiotensin Il (Ang Il) can directly and negatively
regulate Akt-dependent insulin signaling and glucose transport
activity and impairs insulin signaling in skeletal muscle [8,9].
Angiotensin Il receptor blocker can protect mitochondrial func-
tion in obese rats with insulin resistance [10] and ameliorates
insulin resistance induced by chronic Ang Il treatment in rat
skeletal muscle [11]. However, there have been few studies
on Ang Il receptor blockers ameliorating insulin resistance in
CKD animal models, and its exact mechanism remains unclear.
In the present study, skeletal muscle cells and a rat model of
chronic renal failure (CRF) established by a 5/6 nephrectomy
were used to explore whether the molecular mechanism of IR
with CRF is related to the IRS-PI3K-AKT pathway and to de-
termine the optimal intervention.

Material and Methods

Cells and animals

The C2C12 cell line was purchased from the Cell Bank of the
Chinese Academy of Sciences. Male Wistar rats, aged 6-8
weeks and weighing 180-220 g, were purchased from Vital
River (Beijing, China). The rats were reared in an SPF-grade an-
imal center for rodents in the General Hospital of the Chinese
People’s Liberation Army (PLA). The rearing conditions consisted
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of a room temperature of 20-25°C, relative humidity of 40—
70%, 12 h of light a day, and free access to food and water.

Drugs and reagents

The drugs and reagents included fetal bovine and horse sera
(Gibco); DMEM (HyClone); urea and angiotensin Il (Ang Il) (Sigma);
valsartan (Novartis); a 2-deoxyglucose (2-DG) uptake assay kit
(Cosmo); a mini-osmotic pump (Alzet); anti-IRS-1, anti-pIRS-
1(Tyr612), anti-Akt, and anti-pAkt (Ser473) (Abcam); and anti-
pIRS-1 (Ser307) and anti-pAkt (Tyr308) (Cell Signaling Technology).

Cell assay

C2C12 cells were cultured in DMEM containing 10% fetal bo-
vine serum, 1.5 g/L sodium bicarbonate, and 100 U/mL each
of penicillin and streptomycin. The cell culture was incubated
at 37°C in a humidified (water-saturated) incubator with 5%
CO,. The medium was changed every 48 h. When cells reached
80% or higher confluence, the medium was replaced with
DMEM containing 2% horse serum to promote cell differenti-
ation and the formation of mature myotubes. The cell culture
was available for experiments after 4 days of differentiation.
The differentiated cells were randomly divided into negative
control, 2-DG, insulin, urea, Ang Il, and valsartan groups. The
negative control group was continuously supplied with high-
glucose DMEM containing 2% horse serum. With the exception
of the negative control group, the remaining 5 groups were
treated with 2-DG at a final concentration of 1 pM. Insulin at
a final concentration of 1 pM was added to the insulin, urea,
Ang ll, and valsartan groups. Urea at a final concentration of
20 mM was added to the urea, Ang II, and valsartan groups.
The final concentrations of Ang Il and valsartan were 25 and
10 pM, respectively. Cells were harvested for the subsequent
assays after 48 h of culture and stimulation.

For the 2-DG uptake assay, C2C12 cells were allowed to differ-
entiate by conventional culture until myotube structures were
formed. The differentiated cells were cultured in serum-free
medium for 6 h and stimulated with 1 uM insulin for 18 min,
followed by the addition of 2-DG. The cells were lysed and then
assayed using a 2-DG uptake assay kit. Direct measurement
of the total 2DG-6-phosphate (2DG6P) was performed by an
enzymatic assay to determine the cellular glucose uptake [12].

Animal experiments

Thirty-two healthy adult male Wistar rats were randomly and
equally divided into sham, model (5/6 nephrectomy), Ang II
(5/6 nephrectomy + Ang Il), and valsartan (5/6 nephrectomy
+ Valsartan) groups. All rats had free access to food and wa-
ter. After 3 days of adaptive feeding, the animals were used to
establish a rat model of CRF by a modified 5/6 nephrectomy
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Figure 1. Concentration of 2DG6P in C2C12 cells with different interventions. (A) Dose-response effect of urea on differentiated C2C12
cells. (B) Effect of urea on insulin-stimulated 2-DG uptake in differentiated C2C12 cells. (C) Effect of different interventions
on 2-DG uptake in C2C12 cells. Note: compared with the insulin group, ** P<0.01; compared with the urea group, # P<0.05,

# P<0.01.

using the method of Ormrod and Miller [13]. The 5/6 nephrec-
tomy was completed in 2 surgeries. For the sham group, only
the adipose capsule was isolated, and kidney tissue was re-
tained. The Ang Il group was slowly and continuously treated
with 200 ng/kg/min Ang Il through a subcutaneously implanted
mini-osmotic pump starting on the day of the right nephrecto-
my [14]. The valsartan group was treated with 20 mg/kg/day val-
sartan intragastrically, starting on the day of the right nephrec-
tomy [15]. The sham and model groups were intragastrically
treated with an equal volume of normal saline. All of the ani-
mal experiments were performed in accordance with protocols
prescribed by the Animal Experimental Ethics Committee of the
Chinese PLA General Hospital and relevant recommendations.

An insulin-tolerance test (ITT) and renal function in rats were
assayed prior to and at 4, 8, and 12 weeks after model es-
tablishment. Quadriceps tissue samples were collected for
Western blot assay.

ITT: The food was withdrawn at the beginning of the experi-
ment and the rats were allowed to drink freely during the ex-
periment. The regular insulin was formulated as 0.4 1U/ml, and
each rat was injected intraperitoneally with formulated insulin
(0.75 1U/kg) according to body weight. Peripheral blood was
collected from the tail of the rats before injection and at 15,
30, 60, and 120 min after injection to test blood glucose. The
blood sugar-time curve was plotted according to the measure-
ment results and the insulin sensitivity (IS) was evaluated by
the area under the curve (AUC).

Western blot assays of the expression of IRS-1 and Akt
phosphorylation

Cells in the different groups were treated for 48 h followed by
addition of insulin to a final concentration of 1 pM. The cells

were harvested after 20 min of insulin treatment. The skeletal
muscle tissues were collected on ice and homogenized. Then,
conventional procedures were followed for protein extraction,
denaturation, electrophoresis, membrane transfer, hybridiza-
tion, and color reaction.

Statistical analysis

The statistical analysis was performed using SPSS 19.0. Multiple
measures of the same index at different time points were an-
alyzed using multivariate repeated-measures analysis of vari-
ance (ANOVA), and comparisons between groups at the same
time point were performed using ANOVA for a completely ran-
domized design. Pairwise comparisons of the means between
multiple samples were conducted using Dunnett’s t test and
the Student-Newman-Keuls (SNK)-g test. Two independent
samples with normal distribution and homogeneity of variance
were analyzed using a t test. Multiple independent random
samples were analyzed using single-factor ANOVA. Two-tailed
Pvalues less than 0.05 were considered statistically significant.

Results

2-DG uptake in C2C12 cells with different intervention

The cells were divided into different groups, and the absorbance
of 2DG6P in C2C12 cells was measured 48 h later. Urea con-
centrations of 10 mM, 20 mM, and 40 mM can decrease 2-DG
uptake of C2C12 cells, and the 20 mM urea group decreased
the most (P<0.01) (Figure 1A). The 20 mM concentration of
urea induced appropriate concentration of C2C12 cell IR, but
20 mM mannitol, used as an osmotic control, had no effect on
the concentration of 2DG6P (Figure 1B). Then, each group of
differentiated cells was administered the corresponding drugs,
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Figure 2. The general characteristics of each group rats. (A) The body weights of the rats were examined every 4 weeks during the 12
weeks of feeding. (B) SCr levels were measured prior to and at 4, 8, and 12 weeks after model establishment. (C) BUN levels
were measured prior to and at 4, 8, and 12 weeks after model establishment. (D) ITT in rats was assayed prior to and at
4, 8, and 12 weeks after model establishment. Data are expressed as mean +SD or as percentages for normal distribution.
Compared with the control group, ** P<0.01, compared with the model group, # P<0.05, # P<0.01 (n=8 rats/group).

and the absorbance of 2DG6P in C2C12 cells in each well was
measured after 48 h of incubation. The results showed that
2-DG were significantly increased after insulin stimulation.
Urea led to decreased 2-DG uptake in C2C12 cells (P=0.000).
Compared to the urea group, the Ang Il group obtained a lower
concentration of 2DG6P (P=0.040), while the valsartan group
had a higher concentration of 2DG6P (P=0.000) (Figure 1C).

The general characteristics of each group rats

In the multivariate repeated-measures ANOVA, the results
showed that the changes of body weight in rats were time-
dependent and the effect of time factors was different be-
tween groups. The results of the variation between groups
was shown. Compared with the sham group, the body weight
of the model group, Ang Il group, and valsartan group were
significantly lower than those of the sham operation group (P
<0.05). There was no significant difference between the model
group, Ang Il group, and valsartan group (P>0.05) (Figure 2A).

The supernatants of abdominal aortic blood were used for se-
rum creatinine (SCr) and blood urea nitrogen (BUN) assays.
Significantly higher SCr and BUN levels were detected in the

model group than in the sham group (P=0.000). No significant
differences were observed between the Ang Il and model groups
(P>0.05). The SCr and BUN levels in the valsartan group were
markedly lower than those in the model group (Figure 2B, 2C).

The results of intragroup variance showed that the area un-
der the curve for the rat ITT (ITT-AUC) tended to change over
time, while the effect of the time factor varied in different
groups. The results of intergroup variance revealed differences
in the ITT-AUC of rats. The model, Ang Il, and valsartan groups
showed significantly higher ITT-AUC values than in the sham
group (P<0.01). Compared to the model group results, the
Ang Il group obtained a greater ITT-AUC (P=0.047), while the
valsartan group had a smaller ITT-AUC (P=0.000) (Figure 2D).

IRS-1, pIRS-1(Tyr612), and pIRS-1(Ser307) expression

The IRS-1 expression levels showed no significant differences
between various groups of C2C13 cells or rat skeletal muscle
(P>0.05). The CRF/urea stimulation model group had signifi-
cantly lower pIRS-1(Tyr612)/IRS-1 levels than the sham/con-
trol group (P<0.01). Compared to the model group, pIRS-
1(Tyr612)/IRS-1 levels were further decreased in the Ang Il
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Figure 3. Immunoblot analysis of insulin-induced phosphorylation of IRS-1. (A) and (B) C2C12 cells; (C) and (D) Skeletal muscle of rats
(n=8 rats/group). Compared with the control/sham group, ** P<0.01, compared with the model group, # P<0.05, ## P<0.01.

group (P<0.05) but increased in the valsartan group (P<0.01).
The trend of pIRS-1(Ser307)/IRS-1 levels was largely the oppo-
site of the pIRS-1(Tyr612)/IRS-1 levels. The CRF/urea stimulation
model group showed significantly higher pIRS-1(Ser307)/IRS-
1 levels than in the sham/control group (P<0.01). Compared
to the model group, pIRS-1(Ser307)/IRS-1 levels were fur-
ther increased in the Ang Il group (P=0.001); the protein lev-
els of the valsartan group remained unchanged in C2C12 cells
(P=0.145) but were significantly decreased in rat skeletal mus-
cle (P<0.05) (Figure 3).

AKT, pAKT (Tyr30 8), and pAKT (Ser473) expression

The AKT expression levels showed no significant differences
between various groups of C2C13 cells or rat skeletal muscle
(P>0.05). The CRF/urea stimulation model group showed sig-
nificantly lower pAKT(Tyr308)/AKT levels than in the sham/
control group (P<0.01). Compared to the model group, the
pAKT(Tyr308)/AKT levels were further increased in the val-
sartan group (P<0.05); the protein levels of the Ang Il group
were decreased in C2C12 cells (P=0.000) but exhibited no de-
creasing trend in rat skeletal muscle (P>0.05). AKT(Ser473)/
AKT tended to follow the opposite trend of pAKT(Tyr308)/AKT.
The CRF/urea stimulation model group showed significantly
higher AKT(Ser473)/AKT levels than in the sham/control group
(P<0.01). Compared to the model group, AKT(Ser473)/AKT levels

were further increased in the Ang Il group (P<0.01) but signifi-
cantly decreased in the valsartan group, compared to the CRF/
urea stimulation model group (P<0.01) (Figure 4).

Discussion

Metabolic syndrome has recently received increased research
attention due to its close association with increased risk of dia-
betes [16], cardiovascular disease [17,18], and all-cause mortal-
ity [19] in CRF patients. IR, as the core of metabolic syndrome,
is considered an independent risk factor for cardiovascular
mortality [5,20] in ESRD patients, which is different from oth-
er traditional risk factors [21,22]. Canbakan et al. and Thyago
Proenca de Moraes et al. in their study of prevalent non-dia-
betic peritoneal dialysis (PD) patients reported that the use of
icodextrin in the long-dwell exchanges is associated with re-
duced insulin resistance as well as fewer metabolic and car-
diovascular complications [23,24].

Among various IR-inducing factors, the post-receptor factor is
undoubtedly the most important and studied factor. Except for
a few special cases [25,26], the vast majority of the numer-
ous known phosphorylation sites on the IRS-1 surface are as-
sociated with IR. It has been shown that elevated serum free
fatty acid concentrations can lead to decreased IRS-PI3K-Akt
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Figure 4. Immunoblot analysis of insulin-induced phosphorylation of Akt. (A) and (B) C2C12 cells. (C) and (D) Skeletal muscle of rats
(n=8 rats/group). Compared with the sham group, ** P<0.01, compared with the model group, # P<0.01.

pathway activity and induce IR in skeletal muscle [27-29], and
the inhibition of normal tyrosine phosphorylation of IRS-1 plays
an important role in this process [30].

The results of this study indicated that urea stimulation could
induce IR in skeletal muscle. In the animal experiments, rats
of the model group presented with renal function deteriora-
tion and significant ITT-AUC increases compared to the sham
group. Regardless of the in vivo or in vitro conditions, the mod-
el group showed significantly lower tyrosine phosphorylation
levels but higher levels of serine phosphorylation of IRS-1 and
Akt compared to the sham/insulin control group. These chang-
es led to a decline in the overall IRS-PI3K-Akt pathway activ-
ity, which first revealed the primary mechanism of IR in CRF.

Due to a partially shared pathway between Ang Il and insu-
lin signaling pathways, Ang Il stimulation can increase Ser
phosphorylation [31,32] but decrease Tyr phosphorylation
of IRS-1 [33], thereby reducing insulin-mediated IRS-PI3k-Akt
pathway activity. We found that plasma Ang Il levels were in-
creased in the model group (sham group 60.1+7.5 ng/L vs.
model group 150.5+14.3 ng/L, P<0.05) in the preliminary ex-
periment. The present study suggests that after urea stimu-
lation, additional Ang Il led to further reduction of 2-DG up-
take in muscle cells. In animal experiments, administration of
Ang Il by an osmotic pump resulted in significantly lower IS
in CRF rats. According to the results of a Western blot assay,

Ang Il led to increased abnormal phosphorylation in skeletal
muscle. On the other hand, angiotensin receptor blocker (ARB)
drugs, such as valsartan, act on the Ang Il receptor 1 (AT1)
and stimulate the overall enhancement of IRS-1 and its down-
stream insulin-signaling pathway activity through a common
pathway [34]. The present study experimentally demonstrat-
ed such an effect of valsartan; valsartan partially diminished
the reduction of 2-DG uptake in muscle cells and decreased
the ITT-AUC in rats as induced by urea stimulation. To some
extent, valsartan also mitigated abnormal phosphorylation in
the tissue. This finding is consistent with our conclusion from
a previous meta-analysis [35].

Insulin-sensitizing agents commonly used in clinics primari-
ly consist of thiazolidinediones (TZDs) [36]. TZDs are effective
as insulin sensitizers, and have been reported to reduce all-
cause mortality in non-insulin-dependent diabetes mellitus
and hemodialysis patients [37]. However, TZDs also have se-
rious problems; due to their obvious water-sodium retention
effect, it has been noted that TZDs may increase the risk of
heart failure [38] and cardiovascular mortality in patients [39].
Moreover, TZDs may increase the risk of bladder cancer [40]
and thus are unsuitable for CKD patients. In contrast, ARBs
can protect renal function and reverse cardiac remodeling,
which is undoubtedly a safe and optimal choice for alleviat-
ing IR in ESRD patients.
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Conclusions

The present study established in vivo and in vitro models of
urea-induced IR. The in vivo experiments demonstrated that
valsartan could alleviate IR in a CRF model. Furthermore, the
mechanism of urea-induced IR was explored. Urea stimulation
induced IR in skeletal muscle cells, and CRF rats exhibited IR.

The mechanism of this phenomenon may be related to abnor-
mal phosphorylation and activity inhibition of the IRS-PI3K-
Akt pathway. Because Ang Il and insulin share some common
signaling pathway, valsartan as an ARB drug can alter the ab-
normal phosphorylation of important molecules in the IRS-
PI3k-Akt pathway and thereby alleviate IR.
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