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Abstract. We investigated the relationship among serum 
insulin level, insulin receptor (IR) expression in renal cell 
carcinoma (RCC), and outcomes in patients with RCC who 
underwent nephrectomy. We also explored the role of insulin 
signaling in RCC progression in a murine RCC allograft 
RENCA model using metformin to treat hyperinsulinemia 
induced by a high-carbohydrate diet. Clinically, the IR expres-
sion level in RCC tissue was significantly lower in patients with 
tumor stage pT2-4 and/or distant metastases. The IR expres-
sion level in RCC tissue was significantly lower in patients 
with preoperative serum C-peptide levels greater than or equal 
to the median than in patients with levels less than the median. 
High IR expression level was significantly associated with 
better disease-free and overall survival after nephrectomy. 
The IR expression level was significantly higher in murine 
subcutaneous flank tumors of the low-carbohydrate diet group 
and high-carbohydrate diet plus metformin group than of the 
high‑carbohydrate diet group. In vivo progression of murine 
tumors was not significantly enhanced by hyperinsulinemia 
induced by a high-carbohydrate diet and was significantly 
inhibited by metformin in both the low- and high‑carbohy-
drate diet groups. IR expression in RCC tissue was inversely 

associated with cancer progression in the clinical and murine 
experimental model studies. The clinical and murine allograft 
model study results suggested that hyperinsulinemia does 
not promote RCC progression. Decreased IR expression in 
high‑stage RCC tumors with poor prognosis may be the result 
of downregulation induced by the host's hyperinsulinemia.

Introduction

Epidemiological studies have suggested an association among 
obesity, type 2 diabetes mellitus (DM) and cancer (1). Insulin 
resistance induces hyperinsulinemia in patients with obese or 
early-stage type 2 DM (2). Insulin is not only a key regulator 
in carbohydrate metabolism, but also a strong mitogenic 
molecule that activates the PI3K/Akt/mTOR pathway  (3). 
Increased insulin signaling induced by hyperinsulinemia may 
play a significant role in carcinogenesis and cancer progres-
sion in patients with obesity or DM (3).

Regarding the recent increased incidence of renal cell 
carcinoma (RCC) (4), it has been reported that the association 
between obesity and the incidence of RCC was stronger than 
that of prostate or breast cancers (5-8). Moreover, it has also 
been reported that type 2 DM is associated with the incidence 
of RCC (9-11), an association that has also been observed for 
prostate and breast cancer (9,10,12,13).

In contrast, regarding progression of RCC, numerous 
epidemiological studies have provided strong evidence that 
the prognosis of obese patients with RCC is better than that 
of non-obese patients, a finding that has been called the ‘obese 
paradox’ in RCC (14-21). However, the prognosis of obese 
patients has been reportedly poor in prostate cancer (22-24), 
and not different from that of non-obese patients in breast 
cancer (25,26). There appears to be an inverse relationship 
between cancer incidence and progression in patients with 
RCC. Recent studies have shown a positive relationship 
between pre-existing type 2 DM and poor RCC prognosis (27), 
or no significant relationship  (28). It is plausible that the 
insulin-signaling pathway activated by hyperinsulinemia may 
play a significant role in the progression and ‘obese paradox’ 
of RCC.
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Previous studies have shown that insulin receptor (IR) 
expression is higher in RCC tumors than that in normal 
proximal convoluted tubules (29) and was inversely associated 
with the Fuhrman's grade (30). In breast cancer, IR expression 
has been reported to be positively (31) or negatively (32,33) 
associated with cancer progression. Phosphorylation of 
insulin-like growth factor 1 receptor (IGF1R/IR), detected 
by immunohistochemistry  (31), and a high fasting serum 
insulin level (34,35) have been associated with poor prognosis 
in breast cancer. In prostate cancer, IR expression and 
serum C-peptide levels have been associated with histological 
grade and cancer‑specific survival, respectively (36,37). In a 
murine xenograft model of prostate cancer, hyperinsulinemia 
induced by a high-carbohydrate diet was found to be associated 
with cancer progression and activation of insulin‑signaling 
pathways  (38). However, there have been no reports of 
animal studies investigating the role of hyperinsulinemia, 
IR expression and downstream signaling pathways in the 
progression of RCC.

In the present study, we investigated the role of hyper-
insulinemia, IR expression and insulin signaling in RCC 
progression. Initially, we evaluated the relationship among IR 
expression, the serum C-peptide level, and cancer prognosis 
in patients with RCC who underwent nephrectomy. We then 
explored the role of insulin signaling in a murine RCC allograft 
model in obese, hyperglycemic and hyperinsulinemic mice 
induced by a high-carbohydrate diet. Furthermore, we used 
biguanide metformin, which is a common anti-type 2 diabetes 
agent, to investigate whether the indirect effect of metformin 
on the decrease of serum insulin levels (3) inhibits murine 
RCC progression.

Materials and methods

Patients and immunohistochemistry. A total of 99 patients 
who underwent nephrectomy for RCC from February 2007 
to June 2011 were included in the immunohistochemical 
analysis. Fifteen and 84  patients underwent partial and 
radical nephrectomy, respectively. The characteristics of the 
patients are presented in Table I. All patients provided written 
informed consent and the study protocols regarding immuno-
histochemical analyses were approved by the Akita University 
Medical Center Institutional Review Board. The histology of 
the 99 RCC tumors was clear cell in 83, papillary type 2 in 8, 
chromophobe in 4, and spindle cell in 4 cases. The tumor speci-
mens, which were 20% formalin-fixed and paraffin-embedded, 
were sliced into 5-µm thick sections and immunohistochemi-
cally analyzed using anti-IR-β subunit (#07-724; Millipore, 
St. Charles, MO, USA) and anti-IGF1R β subunit antibodies 
(#3024; Cell Signaling Technology, Danvers, MA, USA). Each 
of the stained sections was scored according to the Allred 
scoring method  (39), which adds the intensity of staining 
(absent, 0; weak, 1; moderate, 2; and strong, 3) to the percentage 
of carcinoma cells stained (none, 0; <1%, 1; 1-10%, 2; 11-33%, 3; 
34-66%, 4; and 67-100%, 5). The intensity of staining was 
defined focusing on the intensity of the membranous and/or 
cytoplasmic staining in the evaluation of the IR and IGF1R 
expression. The total expression score was calculated as the 
sum of the 2 parameters. Serum specimens were collected 
from the patients before surgery and the serum C-peptide and 

IGF1 levels were assessed using a chemiluminescent enzyme 
immunoassay for C-peptide or radioimmunoassay for IGF1.

Table I. Demographic data of the 99 patients who underwent 
nephrectomy.

Demographics	 n=99

Gender
  Male	 70
  Female	 29
Median age, in years (range)	 63.5 (22-93)
BMI (median (range)	 23.0 (16-37)
Type 2 diabetes mellitus
  Yes	 19
  Treated with insulin	   6
  No	 80
Nephrectomy
  Partial	 15
  Radical	 84
TNM stage
  pT1	 65
  pT2	 12
  pT3	 21
  pT4	   1
  N0	 88
  N1	   4
  N2	   7
  M0	 82
  M1	 17
Pathology
  Clear cell renal cell carcinoma	 84
  Papillary renal cell carcinoma type 2	   7
  Spindle cell carcinoma	   4
  Chromophobe renal cell carcinoma	   4
Fuhrman grade
  G1	 25
  G2	 40
  G3	 34
Immunohistochemistry scorea

  IR expression
    0-2	 10
    3-5	 65
    6	 15
    7-8	   9
  IGF1R expression
    0-2	 12
    3-5	 59
    6	 18
    7-8	 10

aImmunohistochemistry was scored according to the Allred scoring 
method. BMI, body mass index; TNM, tumor-node-metastasis; IR, 
insulin receptor; IGF1R, insulin‑like growth factor 1 receptor.
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Cell culture. Human RCC cell lines (786-O, Caki-1, Caki-2 and 
ACHN) and a murine cell line, RENCA, were purchased from 
the American Type Culture Collection (ATCC; Manassas, 
VA, USA) and maintained in Roswell Park Memorial Institute 
(RPMI)-1640 medium supplemented with 10% fetal bovine 
serum (FBS) at 37̊C in a 5% CO2-humidified incubator. 786-O, 
Caki-1, Caki-2, ACHN, RENCA and LNCaP cells which were 
purchased from ATCC were authenticated by STRS analysis. 
RENCA was used in cell proliferation assays, western blotting, 
and in vivo murine experiments within 6 passages after being 
purchased from ATCC.

Cell proliferation assay. RENCA cells were plated at 
5x103  cells/well onto 96-well plates in culture medium 
containing 10% FBS. After a 24-h incubation in serum-free 
medium, the medium was completely replaced with a test 
medium containing various doses of insulin or metformin 
for 72 h. Then, a 1 mg/ml solution of 3-(4,5-dimethylthi-
azol‑2-yl)‑2,5-diphenyltetrazolium bromide (MTT) was added 
to each well, and all plates were incubated for 3 h. After the 
MTT solution was removed, 0.05 N isopropanol-HCl solution 
was added, and the optical density was assessed between 
570 and 650 nm using a spectrometer.

Animals, diets and metformin. All procedures used in the 
animal experiments were approved by the Institutional Review 
Board of the Akita University School of Medicine. Seventy-two 
female C57BL/6 NCrl mice aged 5-6 weeks (Charles River 
Laboratories, Inc., Yokohama, Japan) were randomized into 
2 groups for the initial experiment and 4 groups for the second 
experiment: low- and high-carbohydrate diet groups for the 
initial experiment, and low-  and  high‑carbohydrate diet, 
low‑carbohydrate diet plus metformin, and high-carbohydrate 
diet plus metformin groups for the second experiment. Each 
group contained 12 mice and only 2 mice were placed in each 
cage to prevent fighting.

The food was administered ad libitum. The high- and 
low‑carbohydrate diets were provided by Ren's Feed and 
Supplies Ltd. (#5381 and #5382) (38). The caloric amounts 
in each diet were adjusted to be equal. The energy contri-
butions of the carbohydrate, fat, and protein contents in the 
high- and low‑carbohydrate diets were 47.5 and 11.4% for 
carbohydrates, 44.9 and 44.7% for fats and 15.1 and 45.1% 
for proteins.

Metformin (#130-15485; Wako, Osaka, Japan) was 
administered at a dose of 50 mg/kg body weight/day via the 
drinking water from the beginning of the experiment. The 
concentration of metformin in the water was adjusted to 
0.124 mg/ml, so that a 30-g mouse would consume 1.5 mg 
of metformin in 7 ml of water/day. The water and metformin 
were changed weekly, and the dose was adjusted for weight 
gain every 2 weeks (40).

Glucose tolerance test. Glucose tolerance tests were performed 
at 8-14 weeks after the randomization to start the experimental 
diets and metformin. Blood glucose levels were assessed 
before i.p. injection of 1.5 g/kg glucose at 30, 60 and 90 min 
after the glucose injection using a OneTouch Ultra glucometer 
(Lifescan Inc., Scotland, UK), and blood was collected from a 
severed saphenous vein.

Murine RCC allograft model. A total of 2x105 RENCA cells 
were mixed in serum-free RPMI-1640 medium and subcu-
taneously injected into the right flanks of the C57BL/6 NCrl 
mice using a 26-gauge 1-ml syringe at 9-19 weeks after the 
randomization to start the experimental diets and metformin. 
Once the tumor became palpable, the tumor volume was 
calculated twice a week according to the following formula: 
[Tumor volume = (short diameter)2 x long diameter x 0.52].

All of the mice were starved overnight and euthanized under 
anesthesia using isoflurane. Blood samples were collected from 
the left ventricle using 24-gauge needles, and the flank tumors 
were excised under anesthesia. The excised tumors were stored 
into cryotubes and frozen immediately in liquid nitrogen 
and stored in a -80̊C deep freezer until sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
immunoblotting were performed. The collected blood was 
centrifuged at 3,000 rpm for 10 min, and the serum was stored 
at -80̊C until the measurement. The serum insulin level was 
asssessed using a rat/mouse insulin enzyme‑linked immuno-
sorbent assay (ELISA) kit (#EZRMI-13K; Millipore).

Immunoblotting. Tumor tissues or cells on the plates were 
homogenized in lysis buffer consisting of 50 mM HEPES, 
1% Triton  X-100, 150  mM NaCl, 0.02% sodium azide, 
60 mM β-glycerophosphate, 1 mM DTT, Complete Protease 
Inhibitor Cocktail (#1169749800) and PhosSTOP Phosphatase 
Inhibitor Cocktail Tablets (#04906845001) (both from Roche 
Diagnostics GmbH, Mannheim Germany) using a homogenizer 
(#S8N-5G; IKA®-Werke GmbH & Co., Staufen, Germany). 
The lysates were centrifuged at 13,000 rpm for 50 min at 4̊C, 
and the supernatant was collected and stored at -80̊C. The 
protein concentration of the supernatant was measured using 
a protein assay reagent (BCA protein assay kit; Thermo Fisher 
Scientific, Waltham, MA, USA).

A total of 30 µg of protein lysate/sample was subjected to 
10% SDS-PAGE after being denatured by boiling at 100̊C for 
10 min with SDS sample buffer (#AE-1430; ATTO, Tokyo, 
Japan). After blocking using 5% skim milk, the membranes 
were probed using an iBlot® Dry Blotting System (Thermo 
Fisher Scientific) and antibodies specific for various molecules 
and β-actin (#4967; Cell Signaling Technology). Membranes 
were treated with the appropriate peroxidase-conjugated 
secondary antibodies (#7074s; Cell Signaling Technology) and 
visualized using the enhanced chemiluminescence reagent 
ECLTM system (#RPN2232; Amersham, Piscataway, NJ, 
USA). The signal was captured using a chemiluminescence 
imaging system (#AE-9300; ATTO).

Antibodies. Phospho-IGF1R (Tyr1135/1136)/IR (Tyr1150/1151; 
#3024), total IR-β subunit (#07-724; Millipore), total IGF1R-β 
subunit (#3027), phospho-Akt (Ser473; #9271), total Akt 
(#9272), phospho-p44/42 mitogen-activated protein kinase 
(MAPK) (Thr202/Tyr204; #9101), total p44/42MAPK (#9102), 
phospho-p70 S6K (Thr389; #9205), total p70 S6K (#9202) and 
β-actin (#4967) were used for immunoblotting. All the anti-
bodies were purchased from Cell Signaling Technology except 
for the total IR-β subunit antibody (#07-724; Millipore).

Statistical analysis. The Chi-squared test was used to 
examine the relationship between the status of IR expression 
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and clinical parameters. To analyze survival after radical 
nephrectomy, the log-rank test and Cox proportional hazard 
model were used. A one-way repeated measures analysis of 
variance (ANOVA)‑covariance model and Student's t-test 
were used to determine between-group differences and 
within-group changes overtime, respectively. All statistical 
analyses were performed using SPSS software, version 16.0 
(IBM Corporation, New York, NY, USA), and a P-value <0.05 
was considered to indicate a statistically significant result.

Results

Inverse association among IR expression in tumor tissue, 
preoperative serum C-peptide level, and survival in patients 
with RCC who underwent nephrectomy. The IR expression 
level in RCC tumor tissue was 0-2 (Allred score) in 10 (10.1%), 
3-5 in 65 (65.7%), 6 in 15 (15.2%) and 7-8 in 9 (9.1%) patients. 
The IGF1R expression level was 0-2 in 12  (12.1%), 3-5 in 
59 (59.6%), 6 in 18  (18.2%) and 7-8 in 10  (10.1%; Table  I; 
Fig. 1) patients. The IR expression level was significantly lower 
in tumors of pT2 than that of pT1 and significantly lower in 
patients with distant metastasis than in those without (P=0.028 
and P=0.005, respectively, Fisher's exact test, Table  II). 
Similarly, the IR expression level was significantly lower 
when the preoperative serum C-peptide level was ≥5.14 ng/ml 
(median) (P=0.044; Fisher's exact test; Table II). The preop-
erative serum C-peptide level was not associated with the 
diagnosis of type 2 DM (P=0.288; Fisher's exact test).

The median follow-up duration of the patients after 
partial or total nephrectomy was 27 months (range, 1-71). The 
disease‑free and overall survival were significantly better in 
patients with high-IR expression tumors (Allred scores of 6-8) 
than in those with low-IR expression tumors (Allred scores 
of 0-5; Table III; P=0.015 and P=0.031, respectively, log-rank 
test; Fig. 2A and B). The low IR expression level (Allred 
scores of 0-5); low BMI (<23.0); high T, N and M stages; and 
Fuhrman grades 3-4 were associated with poor disease‑free 
and overall survival in the univariate analysis. High-IR 

expression level (Allred scores of 6-8) was not an indepen-
dent predictor of better disease-free and overall survival in 
the multivariate analysis (Cox proportional hazard model; 
Table III). The preoperative serum C-peptide level was not 
associated with disease-free or overall survival (Table III). 
Moreover, overall survival was significantly better in patients 
with a body mass index (BMI) ≥23.0 than in patients with a 
BMI <23.0 (P=0.041, log-rank test; Fig. 2E and F). In contrast, 
the IGF1R expression level in the RCC specimens, preop-
erative serum IGF1 level, and clinical parameters were not 
associated with overall or disease-free survival, although, the 
statistical power of the 99 patients was insufficient to detect 
differences (Fig. 2C and D; Table III).

Enhanced in vitro RENCA proliferation with insulin treat-
ment. With the use of immunoblotting, IR was shown to be 
expressed in Caki-2 (human RCC), RENCA (murine RCC) 
and LNCaP (human prostate cancer) cell lines, whereas 
IR expression was absent in 786-O (human RCC), ACHN 
(human RCC) and Caki-1 (human RCC) cell lines. IGF1R 
was expressed in 786-O, ACHN, Caki-1, Caki-2, RENCA and 
LNCaP cell lines (Fig. 3A). RENCA cell proliferation was 
stimulated by insulin in a dose-dependent manner (Fig. 3B). 
To analyze the in vitro effect of insulin and IR on RENCA cell 
proliferation, immunoblotting was performed using a protein 
lysate of RENCA that was stimulated by various concentra-
tions of insulin for 30 min. Phosphorylation of IR and Akt 
located downstream of IR was stimulated by insulin in a dose-
dependent manner (P<0.001; Fig. 3C). The total IR protein level 
was not altered in vitro according to the insulin concentration 
of the medium (Fig. 3C). Phosphorylation of p44/42MAPK 
in RENCA was not enhanced by insulin in vitro. The results 
suggested that insulin-dependent proliferation of RENCA cells 
was induced by stimulation of the PI3K/Akt/mTOR pathway 
rather than by stimulation of the MAPK pathway in vitro.

No enhancement of in vivo progression of RENCA tumors in 
hyperinsulinemic obese mice induced by a high‑carbohydrate 

Figure 1. Representative panel of immunohistochemical staining of primary kidney tumors. Examples of strength in immunostaining with total IR-β subunit 
and total IGF1R-β subunit antibodies are shown for (A) IR grade 1, (B) IR grade 2, (C) IR grade 3, (D) IGF1R grade 1, (E) IGF1R grade 2, and (F) IGF1R 
grade 3. IR, insulin receptor; IGF1R, insulin-like growth factor 1 receptor.
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diet. To investigate the in  vivo contribution of obesity, 
serum insulin and IR on murine RENCA progression, 
24 C57BL/6 NCrl mice were divided into high-carbohydrate 
and low-carbohydrate groups. During the first 50  days 
of the experimental diets, the mouse body weights were 
significantly higher in the high‑carbohydrate group than in 
the low‑carbohydrate group (P=0.001, repeated measures 
ANOVA; Fig. 4A). At day 56 on the diets, the mean serum 
glucose level was significantly higher in the high‑carbohydrate 
group than that in the low-carbohydrate group at 30, 60 

and 90 min after the 1.5 g/kg glucose injections (P=0.014, 
repeated measures ANOVA; Fig.  4B). At day  62 on the 
diets, a total of 2x105 RENCA cells were subcutaneously 
injected into the right flanks of the C57BL/6 NCrl mice in 
the 2 groups. Thirty days after the injections, the mice were 
euthanized under anesthesia using isoflurane to collect blood 
and excise the tumors. The mean fasting serum insulin level 
was significantly higher in the high-carbohydrate group than 
this level in the low-carbohydrate group (P=0.029, Student's 
t-test; Fig. 4C). However, the mean tumor volume was not 

Table II. Relationship between status of IR and IGF1R expression, and clinical parameters.

	 IR expression scorea	 IGF1R expression scorea

	 ------------------------------------------------------------------------------------------	 -----------------------------------------------------------------------------------------
Parameters	 6-8 (n=24)	 0-5 (n=75)	 P-value	 6-8 (n=28)	 0-5 (n=71)	 P-value
	 n (%)	 n (%)		  n (%)	 n (%)

Gender						      0.921
  Male	 14 (20.0)	 56 (80.0)	 0.125	 20 (29.0)	 50 (71.0)
  Female	 10 (34.5)	 19 (65.5)		  8 (27.6)	 21 (72.4)
Age (years)						      0.949
  ≥Median (65)	 12 (24.0)	 38 (76.0)	 0.954	 14 (28.0)	 36 (72.0)
  <Median (65)	 12 (24.5)	 37 (75.5)		  14 (29.0)	 35 (71.0)
BMI						      0.068
  ≥Median (23.0)	 16 (32.0)	 34 (68.0)	 0.055	 16 (32.0)	 34 (68.0)
  <Median (23.0)	 8 (16.3)	 41 (83.7)		  8 (16.4)	 41 (83.6)
Serum C-peptide (ng/ml)						      0.610
  ≥Median (5.14)	 8 (16.0)	 42 (84.0)	 0.044	 13 (26.0)	 37 (74.0)
  <Median (5.14)	 16 (32.6)	 33 (67.4)		  15 (30.7)	 34 (69.3)
Serum IGF1 (ng/ml)						      0.701
  ≥Median (116)	 11 (22.0)	 39 (78.0)	 0.598	 15 (30.0)	 35 (70.0)
  <Median (116)	 13 (26.6)	 36 (73.4)		  13 (26.6)	 36 (73.4)
Type 2 diabetes mellitus						      0.318
  Yes	 3 (15.7)	 16 (84.3)	 0.261	 4 (21.1)	 15 (78.9)
  No	 21 (26.3)	 59 (73.7)		  24 (30.0)	 56 (70.0)
Fuhrman grade						      0.447
  3-4	 5 (14.7)	 29 (85.3)	 0.085	 8 (17.6)	 26 (82.4)
  1-2	 19 (29.2)	 46 (70.8)		  20 (30.7)	 45 (69.3)
T stage						      0.089
  ≥pT2	 4 (11.8)	 30 (88.2)	 0.028	 6 (11.8)	 28 (88.2)
  ≤pT1	 20 (30.8)	 45 (69.2)		  22 (33.9)	 43 (66.1)
N stage						      0.051
  N1-2	 1 (9.1)	 10 (90.9)	 0.196	 6 (54.5)	 5 (45.4)
  N0	 23 (26.1)	 65 (73.9)		  22 (25.0)	 66 (75.0)
M stage						      0.439
  M1	 0 (0.0)	 17 (100.0)	 0.005	 4 (23.5)	 13 (76.5)
  M0	 24 (29.2)	 58 (70.8)		  24 (29.2)	 58 (70.8)
Histological type						      0.880
  Clear cell carcinoma	 20 (24.0)	 63 (76.0)	 0.665	 24 (27.7)	 60 (72.3)
  Others	 4 (25.0)	 12 (75.0)		  4 (31.3)	 11 (68.7)

aImmunohistochemistry was scored according to the Allred scoring method. IR, insulin receptor; IGF1R, insulin-like growth factor 1 receptor; 
BMI, body mass index.
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significantly higher in the high-carbohydrate group than that 
in the low-carbohydrate group (P=0.127, repeated measures 
ANOVA; Fig. 4D).

Decreased IR expression in RENCA tumors in hyperinsu-
linemic mice. To investigate the effect of hyperinsulinemia 
on insulin signaling, tumor tissues were analyzed by immu-
noblotting. Although, phosphorylated IR was not detected 
in the tumors, total IR expression was significantly lower in 
the tumors in the high-carbohydrate group than that in the 
low‑carbohydrate group, as determined by densitometry (n=5, 

P=0.008; Fig. 4E and F). In contrast, phosphorylation of both 
Akt and p44 MAPK was significantly enhanced in the tumors 
in the high-carbohydrate group (P=0.010 and P=0.090, respec-
tively). In in vitro experiments, the proliferation of RENCA 
cells was presumably enhanced by phosphorylation of Akt 
rather than by the p44 MAPK pathway (Fig. 3C). However, 
in vivo, RENCA tumor progression was presumably enhanced 
via both phosphorylation of Akt and p44 MAPK in the mice 
with hyperinsulinemia. Although the mean tumor volume was 
not significantly higher in the high-carbohydrate group than 
that in the low-carbohydrate group statistically, an alternative 

Figure 2. Disease-free and overall survival after nephrectomy according to the IR and IGF1R expression scores and BMI. (A) Disease-free survival was signifi-
cantly better in patients with high-IR expression tumors (Allred score 6-8) than in patients with low-IR expression tumors (Allred score 0-5) (P=0.015, log-rank 
test). (B) Overall survival was significantly better in patients with high-IR expression (Allred score 6-8) tumors than in patients with low-IR expression 
(Allred score 0-5) tumors (P=0.031, log-rank test). (C) There was no significant difference in disease-free survival between patients with high-IGF1R expres-
sion (Allred scores of 6-8) tumors and those with low-IGF1R expression (Allred scores of 0-5) tumors (P=0.308, log-rank test). (D) There was no significant 
difference in overall survival between patients with high-IGF1R expression (Allred scores of 6-8) tumors and those with low-IGF1R expression (Allred scores 
of 0-5) tumors (P=0.409, log-rank test). (E) There was no significant difference in disease-free survival between the groups with a BMI ≥23.0 and a BMI <23.0 
(P=0.059, log-rank test). (F) Overall survival was significantly better in patients with a BMI ≥23.0 than in patients with a BMI <23.0 (P=0.041, log-rank test). 
IR, insulin receptor; IGF1R, insulin‑like growth factor 1 receptor;. BMI, body mass index.
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signaling pathway, distinct from that in the in vitro experiment, 
may have been involved in the in vivo progression of RENCA 
tumors induced by the hyperinsulinemic and obesity-inducing 
environment under a high-carbohydrate diet.

Direct anticancer effect of metformin in murine RENCA 
tumors rather than the indirect effect of lowering the serum 
insulin level. To investigate the in vivo contribution of hyper-
insulinemia on RENCA tumor progression, 48 C57BL/6 NCrl 
mice were divided into 4 groups: the high-carbohydrate diet, 
high-carbohydrate diet + metformin, low-carbohydrate diet 
and low-carbohydrate diet + metformin groups. Among the 
possible mechanisms underlying the cancer-suppressing effect 
of metformin, direct regulation of cancer signaling via stimula-
tion of AMP-activated protein kinase (AMPK) and an indirect 

effect of lowering the serum insulin level via hepatocytes have 
been proposed (3,40).

During the first 98 days after initiation of the experimental 
diets, the mouse body weights were significantly higher in the 
high‑carbohydrate diet group than those in the low‑carbo-
hydrate diet group, and were significantly lower in the 
high-carbohydrate diet + metformin group than those in the 
high-carbohydrate diet group (P=0.001 and P=0.026, repeated 
measures ANOVA; Fig. 5A). In addition, as determined by the 
glucose tolerance test at 98 days after diet initiation, glucose 
levels were significantly higher in the high-carbohydrate diet 
group than those in the low-carbohydrate diet group, and were 
relatively lower in the high-carbohydrate + metformin group 
than those in the high-carbohydrate diet group (P=0.001 and 
P=0.090, repeated measures ANOVA; Fig. 5B).

Figure 3. IR and IGF1R expression in various RCC cell lines and enhanced in vitro RENCA proliferation with insulin treatment. (A) Proteins (30 µg) 
extracted from various human and mouse cell lines were size fractionated using SDS-PAGE and immunoblotted using total IR-β subunit and IGF1R anti-
bodies. (B) RENCA cells were plated at 5x103 cells/well onto 96-well plates in culture medium containing 10% FBS. After a 24-h incubation in serum-free 
medium, the complete medium was replaced with a test medium containing various doses of insulin for 72 h. After incubation with 1 mg/ml MTT solution for 
3 h, 0.05 N isopropanol-HCl solution was added and the OD was assessed. (C) RENCA cells were plated on 10-cm Petri dishes in culture medium containing 
10% FBS. After a 24-h incubation in serum-free medium, the complete medium was replaced with test medium containing various doses of insulin for 30 min. 
Then, the proteins (30 µg) extracted from the cells were size fractionated using SDS-PAGE and immunoblotted with phospho- and total IR, Akt, p44/42 MAPK 
and p70S6K antibodies. IR, insulin receptor; IGF1R, insulin‑like growth factor 1 receptor; RCC, renal cell carcinoma; OD, optical density.
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At 133 days after diet initiation, a total of 2x105 RENCA 
cells were subcutaneously injected into the mice in each of 
the 4 groups. Thirty days after the injection, the mice were 

euthanized to collect blood and excise the tumors. The mean 
fasting serum insulin level was significantly higher in the 
high-carbohydrate diet group than that in the low-carbohydrate 

Figure 4. In vivo progression of RENCA tumors in hyperinsulinemic obese mice induced by a high-carbohydrate diet. Comparison of (A) body weight, 
(B) serum glucose levels determined by a glucose tolerance test, (C) fasting serum insulin levels, (D) flank subcutaneous tumor volumes, (E) tumor insulin 
signaling assessed by immunoblottings, and (F) densitometry of each protein in the tumors between the mouse high-carbohydrate diet and low-carbohydrate 
diet groups. (A) Body weights of C57BL/6 NCrl mice in each group were assessed twice/week. (B) Glucose tolerance tests were performed at 56 days after the 
randomization. Blood glucose levels were assessed before i.p. injection of 1.5 g/kg glucose at 30, 60 and 90 min after the glucose injection using a OneTouch 
Ultra glucometer and blood collected from a cut saphenous vein. (C) At 92 days after the randomization, all mice were fasted overnight and euthanized under 
anesthesia to collect blood and excise the tumors. Blood samples were collected from the left ventricle using 24-gauge needles. The collected blood was 
centrifuged, and the serum was stored at -80̊C. The serum insulin levels were assessed using a rat/mouse ELISA kit. (D) A total of 2x105 RENCA cells were 
injected subcutaneously into the right flanks of the mice 62 days after the randomization. Once a tumor became palpable, the tumor volume was calculated 
twice a week according to the formula: [Tumor volume = (short diameter)2 x long diameter x 0.52]. (E) Tumor tissues were homogenized in the lysis buffer 
containing a protease inhibitor and phosphatase inhibitor cocktail. The lysates were centrifuged, and the supernatant was stored at -80̊C. A total of 30 µg of 
protein lysate was size fractionated using SDS‑PAGE and immunoblotted using phospho- and total IR, Akt and p44/42 MAPK antibodies. (F) The signal was 
captured using a chemiluminescence imaging system. IR, insulin receptor.
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diet group, and significantly lower in the high-carbohydrate 
diet + metformin group than that in the high-carbohydrate 
group at euthanasia (P=0.034 and P=0.028; Fig. 5C). Although, 
the mean tumor volume was not significantly higher in the 
high‑carbohydrate group than that in the low-carbohydrate 
diet group, the mean tumor volumes were significantly lower in 
both the high- and low-carbohydrate diet + metformin groups 
than the tumor volumes in the high- and low-carbohydrate diet 
without metformin groups (P=0.046; Fig. 5D).

Enhanced IR expression in RENCA tumors with metformin 
treatment. Although, phosphorylated IR was not detected in the 
tumor tissues by immunoblotting analysis, total IR expression 
was significantly higher in the tumors of the high-carbohydrate 
diet + metformin group than that in the high-carbohydrate diet 
group determined by densitometry (P=0.047; Fig. 5E and F).

Acceleration of RENCA tumor progression by a 
high‑carbohydrate diet was not observed in this experiment, 
and tumor progression was inhibited by metformin not only 
in the hyperinsulinemic mice, but also in the normoinsu-
linemic mice. The results suggested that the mechanism 
of the metformin effect in this model was the direct effect 
of enhancement of AMPK rather than the indirect effect of 
lowering the serum insulin level. Of interest, IR expression 
was increased in the tumors of the hyperinsulinemic mice 
treated with metformin (Fig. 5E and F).

Metformin directly inhibits in vitro RENCA proliferation. To 
confirm the direct effect of metformin on the inhibition of the 
proliferation of RENCA cells in vitro, a cell proliferation assay 
under various concentrations of metformin with 4 µg/ml of 
insulin was evaluated. In vitro stimulation of RENCA cells 

Figure 5. In vivo effects of metformin in RENCA tumors in hyperinsulinemic obese mice induced by a high-carbohydrate diet. Comparison of (A) body 
weight,  (B)  serum glucose levels determined by a glucose tolerance test,  (C)  fasting serum  insulin levels,  (D)  flank subcutaneous tumor volumes, 
(E) tumor‑insulin signaling assessed by immunoblottings, and (F) densitometry of each protein in the tumors among the mouse high- and low-carbohydrate 
diet, high-carbohydrate diet + metformin, and low-carbohydrate diet + metformin groups. (A) Body weight of C57BL/6 NCrl mice in each group was assessed 
twice/week. (B) Glucose tolerance tests were performed at 98 days after the randomization. (C) At 163 days after the randomization, all mice were fasted 
overnight and euthanized under anesthesia to collect blood and excise the tumors. The serum insulin level was assessed using a rat/mouse ELISA kit. (D) A 
total of 2x105 RENCA cells were injected subcutaneously into the right flanks of the mice at 133 days after the randomization. (E) A total of 30 µg of protein 
lysate was size fractionated using SDS-PAGE and immunoblotted using total IR antibody. (F) The IR expression was captured using a chemiluminescence 
imaging system. IR, insulin receptor.
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by insulin was inhibited in a dose-dependent manner by 
metformin at 24 h (Fig. 6A). Since, the suppressive effect of 
metformin on RENCA cells was observed both in the presence 
and absence of insulin supplementation in vitro, metformin 
directly inhibited in vitro RENCA proliferation (Fig. 6A). The 
results of immunoblotting showed that metformin enhanced 
the phosphorylation of AMPK at 24-48 h and inhibited that of 
Akt, p44 MAPK and p70 S6K at 48-72 h (Fig. 6B).

Discussion

In the immunohistochemistry evaluation of RCC tumor 
specimens, IR expression significantly decreased in tumors 
of ≥pT2, patients with distant metastasis, and patients with 
serum C-peptide levels higher than the median (Table  II). 
Disease-free and overall survival were significantly better in 
patients with high-IR expression tumors (Allred scores of 6-8) 
than in those with low-IR expression tumor (Allred scores of 
0-5; Fig. 2A and B; Table III). These results suggested that 
a patient's hyperinsulinemia decreases the IR expression in 
RCC tumors of aggressive phenotypes. However, preoperative 
serum C-peptide level was not associated with disease-free or 
overall survival in the present study. Furthermore, IR expres-
sion in RCC tumor tissue was higher in low-grade tumors than 
in high-grade tumors, although, the difference was not statisti-
cally significant (P=0.085). The IR expression in human RCC 
cell lines was observed in Caki-2 cells that were derived from 
primary tumors, whereas it was absent in ACHN and Caki-1 
cells that were derived from metastatic disease (Fig. 3A). A 
recent study from a Korean group showed similar results, 
although the researchers did not observe a significant relation-
ship between survival and IR expression (30). A similar inverse 
relationship among IR expression, tumor grade and patient 
survival has been previously reported in breast cancer (32,33).

The decreased IR expression in the murine RCC allograft 
model in obese, hyperglycemic and hyperinsulinemic 
mice induced by a high-carbohydrate diet was consistent 
with the results from the immunohistochemical analysis 
of clinical RCC surgical specimens. Moreover, decreased 
serum insulin levels, which were induced by metformin treat-
ment, increased IR expression in the high-carbohydrate diet 
group  (Fig. 5E and F). These results suggest the presence 
of a negative feedback pathway associated with the serum 
insulin level that regulated the IR expression level in RCC 
tumor cells. In support of this theory, a previous study showed 
that IR expression decreased in intact skeletal muscle strips 
from obese and hyperinsulinemic patients (41). In contrast, 
a previous prostate cancer LNCaP xenograft study showed a 
positive relationship between hyperinsulinemia and IR expres-
sion (38). The IR expression level in normal or malignant cells 
may be positively or inversely regulated distinctively by the 
serum insulin level according to the origin of the tissue cell.

In the present murine RCC allograft model, a weak 
tumor‑promoting effect in RENCA tumors was associated with 
a high-carbohydrate diet (Fig. 4D). Cell proliferation and phos-
phorylation of Akt in RENCA cells were enhanced by insulin 
in an in vitro study (Fig. 3C), and phosphorylation induced by a 
high-carbohydrate diet of Akt in RENCA cells was also observed 
in an in vivo study (Fig. 4E and F). In contrast, phosphorylation 
of MAPK was also observed in tumors in vivo but not in the 
in vitro cells (Fig. 4E and F). These results suggest that pathways 
other than the insulin-Akt signaling pathway contributed to the 
weak tumor-promoting effect in the in vivo model mice induced 
by a high-carbohydrate diet. The results further suggest that, 
although, hyperinsulinemia promoted RCC cell proliferation 
in the in vitro study, the downregulation feedback effect of IR 
expression induced by hyperinsulinemia and the contribution 
of other growth-promoting pathways in the in vivo study may 

Figure 6. In vitro direct effect of metformin on the proliferation of RENCA cells. (A) RENCA cells were plated at 5x103 cells/well onto 96-well plates in 
culture medium containing 10% FBS. The complete medium was replaced with test medium containing various doses of metformin and various doses of 
metformin plus 5 µg/ml of insulin for 24 h. After incubation with 1 mg/ml MTT solution for 3 h, 0.05 N isopropanol-HCl solution was added and the OD was 
assessed. (B) RENCA cells were plated onto 10-cm Petri dishes in culture medium containing 10% FBS. The complete medium was replaced with test medium 
with and without 2 mM metformin for 0, 24, 48 and 72 h. Subsequently, proteins (30 µg) extracted from the cells were size fractionated using SDS‑PAGE and 
immunoblotted using phospho- and total Akt, p44/42 MAPK, AMPK and p70 S6K antibodies. OD, optical density.
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have complicated the effect of a high‑carbohydrate diet on RCC 
proliferation in the in vivo RENCA allograft model.

To elucidate the real in vivo progression effect of hyperin-
sulinemia induced by a high-carbohydrate diet, we performed a 
second murine experiment using metformin to suppress hyper-
insulinemia in the high-carbohydrate diet group. Metformin 
is a common anti-type 2 diabetes agent that lowers serum 
insulin levels. The key mechanism of metformin is believed 
to be AMPK, which inhibits mTOR. In RCC, metformin has 
been shown to suppress RCC progression in both in vitro and 
in vivo studies using the human RCC cell line 786-O (42). The 
mechanisms underlying the suppressive effect of metformin 
for various cancers have been suggested to involve direct 
and indirect pathways (3). The direct pathway of metformin 
involves stimulation of AMPK in cancer cells, which leads to 
decreased activity of downstream mitogenic molecules, such 
as Akt, mTOR and S6K. The indirect metformin pathway 
involves suppression of gluconeogenesis by stimulating 
AMPK in hepatocytes, which leads to decreased hepatic 
glucose output and serum glucose levels, with a secondary 
decrease in serum insulin levels (3,40). In the present study, 
metformin significantly ameliorated obesity, hyperglycemia 
and hyperinsulinemia induced by a high-carbohydrate diet 
in the second in vivo experiment (Fig. 5B and C). However, 
the tumor suppressive effect of metformin was observed in 
both the low- and high-carbohydrate diet groups, even though 
decreased serum insulin levels were observed only in the 
high-carbohydrate diet group (Fig. 5D). Moreover, the direct 
metformin anticancer effect induced by AMPK stimulation was 
also observed in RENCA cells in vitro (Fig. 6). These results 
indicated that the tumor suppressive effect of metformin in the 
present study resulted from the direct effect of the agent rather 
than the indirect effect of suppression of serum insulin levels. 
The expected indirect effect of metformin, which was previ-
ously reported in a murine colorectal cancer allograft model, 
was not observed in the present RCC allograft model (39). 
Although, it may be inappropriate to apply the results of the 
murine allograft experiment directly to human clinical settings, 
the results of the present RENCA model appear to support the 
present clinical result that the preoperative serum C-peptide 
level was not associated with RCC recurrence or survival.

The clinical analysis results of the present study showed 
that disease-free or overall survival was significantly better in 
patients with a BMI greater than or equal to the median. This 
finding was consistent with the ‘obese paradox’ in RCC that 
has been suggested by multiple epidemiological studies (14-21) 
(Fig. 2E and F). The weakness or lack of a tumor acceleration 
effect of hyperinsulinemia observed in the present clinical 
and murine RCC model studies partly explained the ‘obese 
paradox’ in RCC. In contrast, the finding of a low IR expres-
sion level associated with the aggressive phenotypes of RCC, 
such as tumors of ≥pT2, or poor disease-free survival in the 
present clinical analysis was contradictory (Tables II and III). 
The discrepancy could be explained by the hypothesis that 
hyperinsulinemia may have a stronger role in carcinogenesis 
of aggressive types of RCC rather than in cancer progression 
after tumor development. Notably, Othman  et  al reported 
insulin‑mediated genotoxicity associated with the PI3K-Akt 
signaling pathway in kidney cells (43), and this type of genotox-
icity causes the genesis of aggressive types of RCC with DNA 

hypermutations. Further investigation is warranted to elucidate 
the mechanism of the ‘obesity paradox’ in RCC progression.

Collectively, we found that IR expression in RCC tissue 
was inversely associated with cancer progression in the 
clinical and murine experimental model studies. The anti-
cancer effect of metformin in the murine RCC experimental 
model was mainly a direct effect of metformin rather than an 
indirect effect involving suppression of serum insulin levels. 
The tumor-promoting effect of hyperinsulinemia in RENCA 
tumors was not clearly observed in either the clinical or 
murine experimental model studies. Decreased IR expression 
in high‑stage RCC tumors with poor prognosis may be the 
result of downregulation induced by the host's hyperinsu-
linemia.
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