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Increased expression of insulin-like growth factor-binding
protein-3 is implicated in erectile dysfunction in
two-kidney one-clip hypertensive rats after propranolol
treatment

Zhang-Yan Zhou*, Zhong-Hua Yang, Xing-Huan Wang, Hong Cao*, Dong Chen, Yong-Zhi Wang,
Hai-Hong Zhou, Mou Peng, Quan-Liang Liu and Shao-Ping Wan

This study aimed to investigate the role of insulin-like growth factor-binding protein-3 (IGFBP-3) in erectile dysfunction (ED) in

two-kidney one-clip (2K–1C) hypertensive rats treated with the b-blocking agent propranolol. Adult male Wistar rats were randomly

divided into three groups: a normal control group, a hypertensive control group and a propranolol treatment group (n59). After 4 weeks of

propranolol treatment, intracavernous pressure (ICP) responses to electrical stimulation of the cavernous nerves were evaluated. The

expression of IGFBP-3 and insulin-like growth factor-1 (IGF-1) mRNA and protein in the rat cavernous tissue were detected by

quantitative real-time PCR and Western blot, respectively. The concentration of cyclic guanosine monophosphate (cGMP) in the

cavernous tissue was determined by enzyme-linked immunosorbent assay (ELISA). Cavernosal pressure in response to cavernous nerve

stimulation was decreased 4 weeks after propranolol treatment (P,0.01, compared to the hypertensive control group). IGFBP-3 mRNA

and protein expression was increased in the propranolol treatment group compared to the hypertensive control group (P,0.01), whereas

IGF-1 expression was decreased in the propranolol treatment group compared to the hypertensive control group (P,0.01). In addition,

cavernous cGMP concentration was decreased in the propranolol treatment group compared to the hypertensive control group (P,0.01).

Taken together, these results suggest that the upregulation of IGFBP-3 may play a role in the development of ED in hypertensive rats.
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INTRODUCTION

Erectile dysfunction (ED) is a multifactorial disease that is highly

prevalent in hypertensive patients treated with b-blocking agents.1,2

b-blockers have been associated with ED in up to 20% of men who use

these agents for the treatment of hypertension.3 A large body of evid-

ence has shown that nitric oxide (NO) production is increased as a

buffer against hypertension in two-kidney one-clip (2K–1C) hyper-

tensive animal models.4–6 The increase in NO production that is

observed in several vascular beds from 2K–1C hypertensive animals

may not completely prevent high blood pressure but could serve as a

protective vascular mechanism that contributes to the preservation of

the erectile function in this model.7

Insulin-like growth factor-binding protein-3 (IGFBP-3) is a mem-

ber of the insulin-like growth factor (IGF) family. A previous study has

shown that ED was correlated with the increased expression of IGFBP-

3 in patients with diabetes mellitus,8 suggesting a potential role for

IGFBP-3 in ED. In this study, we employed 2K–1C hypertensive rats as

a model to investigate the expression of IGFBP-3 at both the mRNA

and protein levels in this system.

MATERIALS AND METHODS

Experimental animals

Twenty-seven adult male Wistar rats (grade SPF, 3-month-old,

310–330 g) were obtained from the Hubei Laboratory Animal

Research Center (Wuhan, China). The rats were randomly divided

into three groups: a normal control group, a hypertensive control

group and a propranolol treatment group (n59, in each group).

Eighteen 2K–1C hypertensive rats were prepared as previously

described.7 Briefly, rats were anaesthetised by ketamine/xylazine

(87 and 13 mg kg21, respectively), and a silver clip (0.2 mm

internal diameter) was placed on the left renal artery. Nine normal

control rats were subjected to a similar procedure, but no silver clip

was placed. Four weeks after the surgery, DL-propranolol was dis-

solved in the drinking water at a concentration of 600 mg l21 and

administered to the rats in the propranolol treatment group by oral

gavage (approximately 30 mg per rat per day ), as recommended in

a previous study.9 Chronic treatment lasted for 4 weeks. The rats in

the two control groups were given citrate buffer (100 mmol l21

citric acid and 200 mmol l21 disodium phosphate, pH 7.0) by oral
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gavage (50 ml per rat). Systolic blood pressure (SBP) was measured

weekly with a tail-cuff, and animals were considered hypertensive if

SBP was higher than 160 mmHg at the end of the eighth week after

silver clip implantation or sham surgery. The animal experiments

were approved by the Wuhan University Animal Care and Use

Committee (Wuhan, China).

Measurement of erectile response

Erectile function was assessed by measuring intracavernous pressure

(ICP) following electrostimulation of cavernous nerves after 4 weeks

of propranolol treatment, as previously described.10 Mean arterial

pressure (MAP) and ICP lines were connected to a pressure trans-

ducer, which was then connected via a transducer amplifier to a data

acquisition board (RM6240; Chengdu Instrument, Chengdu, China),

and electrical stimulation of the cavernous nerves (1 ms pulse, 60 s,

15 Hz, 2.5 V) was performed. The ratio of maximal ICP-to-MAP (ICP/

MAP) and total ICP (the area under curve) were recorded for each rat.

After measurement of the erectile responses, all rats were killed with an

intraperitoneal overdose of pentobarbital (80 mg kg21), and the penile

shaft was removed for further analyses.

Quantitative real-time PCR analysis

Total RNA was extracted from rat penile samples using TRIzol

(Invitrogen, Merelbeke, Belgium) according to the manufacturer’s pro-

tocol, resuspended in RNase-free water and stored at 280 uC. IGFBP-3

and IGF-1 mRNA levels were analysed by MyiQ single colour real-time

PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) with

the following primers: IGFBP-3, forward 59-AGCCGTCTCCTGG-

AAACACC-39 and reverse 59-CCCGCTTTCTGCCTTTGG-39; IGF-1,

forward 59-GACATGCCCAAGACCCAGAAGGA-39 and reverse 59-C-

GGTGGCATGTCACTCTTCACTC-39. Quantitative mRNA measure-

ments were performed in triplicate and normalised to an internal control

(glyceraldehyde 3-phosphate dehydrogenase). Data were analysed with

ABI 7300 SDS software (Applied Biosystems, Foster City, CA, USA).

Western blot analysis

Rat penile samples were lysed in radioimmunoprecipitation assay

buffer (13 Tris-buffered saline, 1% Nonidet P-40, 0.5% sodium deox-

ycholate, 0.1% SDS, 0.004% sodium azide, 10 ml ml21 phenylmethyl-

sulfonyl fluoride, 10 ml ml21 protease inhibitor cocktail, 10 ml ml21

sodium orthovanadate). Protein concentration was measured using

Coomassie Plus Protein Assay Reagent (Pierce Biotechnology,

Rockford, IL, USA). Equal quantities (30 mg) of lysates were separated

on 10% sodium dodecyl sulphate polyacrylamide gels and elec-

troblotted onto polyvinylidene fluoride membranes (Bio-Rad,

Hercules, CA, USA). The membranes were blocked and then incu-

bated with rabbit anti-IGFBP-3 antibody (Sc-9028) and rabbit anti-

IGF-I antibody (Sc-9013) (Santa Cruz Biotechnology, Santa Cruz,

CA, USA), both at 1 : 1000 dilutions. Chemiluminescence was de-

tected using enhanced chemiluminescence reagent (Amersham,

Buckinghamshire, UK) and bands were visualised and quantitated

by densitometry using the Mint Image analysis system (Shanghai

Institute of Optical Instruments, Shanghai, China).

Enzyme-linked immunosorbent assay (ELISA)

The cyclic guanosine monophosphate (cGMP) concentration in rat

penile tissue lysate was determined using an ELISA cGMP detection kit

(R&D Systems, Minneapolis, MN, USA) according to the manufac-

turer’s instructions.

Statistical analysis

Data were expressed as mean6s.d. and analysed using the SPSS 12 pack-

age (SPSS Inc., Chicago, IL, USA). Multiple comparisons among groups

were analysed by one-way ANOVA followed by a post hoc Student–

Newman–Keuls tests. Differences were considered significant at P,0.05.

RESULTS

Propranolol attenuates erectile function in hypertensive rats

We measured the ICP/MAP ratio and total ICP (the area under the

curve) during electrostimulation of the cavernous nerve in three

groups 4 weeks after propranolol treatment. Representative ICP traces

are shown in Figure 1a–c. Electrostimulation elicited a lower ICP/

MAP ratio (P,0.05, Figure 1d) and total ICP (P,0.01, Figure 1e)

in the hypertensive control group than in the normal control group.

The propranolol treatment group also showed a lower ICP/MAP ratio

(Figure 1d) and total ICP (Figure 1e) than the normal control group

(P,0.01, respectively). In addition, the propranolol treatment group

showed lower total ICP (P,0.05, Figure 1e) than the hypertensive

control group. Taken together, these data suggest that propranolol

treatment attenuated erectile function in hypertensive rats.

Propranolol treatment upregulates IGFBP-3 expression in rat

cavernous tissue

Quantitative real-time PCR (real-time qPCR) analysis showed that the

cavernous IGFBP-3 mRNA level in the propranolol treatment group

was higher than that in the hypertensive control group (P,0.01,

Figure 2). The cavernous IGFBP-3 mRNA level was lower in the

hypertensive control group than in the normal control group

(P,0.01, Figure 2).

Similarly, Western blot analysis showed that the cavernous IGFBP-3

protein level in the propranolol treatment group was higher than that

in the hypertensive control group (P,0.01, Figure 3, lower panel),

and the cavernous IGFBP-3 protein level was lower in the hypertensive

control group than in the normal control group (P,0.01, Figure 3,

lower panel). These results are consistent with the results of real-time

qPCR analysis and demonstrate that propranolol treatment upregu-

lates IGFBP-3 expression in rat cavernous tissue at both the mRNA

and protein levels.

Propranolol treatment downregulates IGF-1 expression in rat

cavernous tissue

Real-time qPCR analysis showed that the cavernous IGF-1 mRNA

level in the propranolol treatment group was lower than that in the

hypertensive control group (P,0.01, Figure 4). The cavernous IGF-1

mRNA level was higher in the hypertensive control group than in the

normal control group (P,0.01, Figure 4).

Western blot analysis also showed that the cavernous IGF-1 protein

level in the propranolol treatment group was lower than that in the

hypertensive control group (P,0.01, Figure 5, lower panel). The cav-

ernous IGF-1 protein level was higher in the hypertensive control

group than in the normal control group (P,0.01, Figure 5, lower

panel). These results are consistent with the results of real-time

qPCR analysis. Together, these results demonstrate that propranolol

treatment downregulates IGF-1 expression in rat cavernous tissue at

both the mRNA and protein levels.

Propranolol treatment leads to a decreased cGMP concentration in

rat cavernous tissue

Because nitric oxide–cyclic guanosine monophosphate (NO–cGMP)

signalling is crucial for penile erection, we measured the cGMP
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concentration in rat penile tissue by ELISA. Cavernous cGMP con-

centration was similar in the hypertensive control group and the nor-

mal control group (P.0.05, Figure 6). However, the cGMP

concentration in penile tissue from the propranolol treatment group

was decreased compared to the hypertensive control group 4 weeks

after propranolol treatment (P,0.01, Figure 6), indicating that the

disruption of NO–cGMP signalling may contribute to ED in hyper-

tensive rats after propranolol treatment.

DISCUSSION

In the current study, we demonstrated an obvious increase in

IGFBP-3 expression in the penile tissue of 2K–1C hypertensive rats

4 weeks after propranolol treatment, and that this increase is

accompanied by a decrease in ICP. These data suggest that

increased expression of IGFBP-3 could play a role in the develop-

ment of ED in 2K–1C hypertensive rats after propranolol treatment

and that attenuated erectile responses may be associated with

decreased IGF-1 and cGMP availability.

IGFBP-3 is the major IGFBP in the serum and transports 70%–90%

of circulating IGFs.11 When binding to IGF-1, IGFBP-3 may modulate

cell growth by limiting the bioavailability of IGF-1.12 It has been con-

firmed that increased IGFBP-3 expression in diabetes attenuates the

cellular response to IGF-1 through the high affinity binding of IGF-1

Figure 1 Propranolol attenuates erectile function in hypertensive rats. Representative ICP responses to the electrical stimulation of cavernous nerves 4 weeks after

propranolol treatment in normal control (a), hypertensive control (b) and propranolol-treated rats (c) (n59, respectively). The bold line indicates 1 min of electrical

stimulation to the cavernous nerves. ICP/MAP (d) and total ICP (the area under the curve, AUC) data (e) were collected from nine rats in each group. **P,0.01,

*P,0.05. ICP, intracavernous pressure; MAP, mean arterial pressure.

Figure 2 Propranolol increases IGFBP-3 mRNA expression in rat cavernous tis-

sue. Quantitative real time-PCR analysis of IGFBP-3 mRNA levels in rat cavernous

tissue was conducted 4 weeks after propranolol treatment. The data were collected

from nine rats in each group. **P,0.01. GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; IGFBP-3, insulin-like growth factor-binding protein-3.
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Figure 3 Propranolol increases IGFBP-3 protein expression in rat cavernous

tissue. Western blot analysis of IGFBP-3 protein expression in cavernous tissue

from normal control (lane 1), hypertensive control (lane 2) and propranolol-

treated rats (lane 3) was done 4 weeks after propranolol treatment. The data were

collected from nine rats in each group. **P,0.01. IGFBP-3, insulin-like growth

factor-binding protein-3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Figure 4 Propranolol decreases IGF-1 mRNA expression in rat cavernous tissue.

Quantitative real time-PCR analysis of IGF-1 mRNA levels in cavernous tissue

was done 4 weeks after propranolol treatment. The data were collected from nine

rats in each group. **P,0.01. GAPDH, glyceraldehyde 3-phosphate dehydro-

genase; IGF, insulin-like growth factor.

Figure 5 Propranolol decreases IGF-1 protein expression in rat cavernous tissue.

Western blot analysis of IGF protein expression in cavernous tissue from normal

control (lane 1), hypertensive control (lane 2) and propranolol-treated rats (lane 3)

was done 4 weeks after propranolol treatment. The data were collected from nine

rats in each group. **P,0.01. GAPDH, glyceraldehyde 3-phosphate dehydrogen-

ase; IGF, insulin-like growth factor.

Figure 6 Propranolol treatment decreases the cGMP concentration in rat cav-

ernous tissue. cGMP concentration in rat penile tissue 4 weeks after propranolol

treatment, determined by ELISA. The data were collected from nine rats in each

group. **P,0.01. cGMP, cyclic guanosine monophosphate; ELISA, enzyme-

linked immunosorbent assay.
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to IGFBP-3. This results in decreased availability of IGF-1 for the

receptor.8 IGF-1 has been shown to enhance the regeneration of nitric

oxide synthase-containing penile nerves after cavernous neurotomy

and to enhance the recovery of erectile function after bilateral cavern-

ous nerve cryoablation.13 It has also been shown that b-blockers,

including propranolol, can induce IGFBP-3 production.14 Thus, we

speculate that propranolol could enhance the production of IGFBP-3,

which then contributes to ED in 2K–1C hypertensive rats treated by

propranolol, by decreasing the availability of IGF-1. However, addi-

tional experiments will be required to demonstrate that IGF-1 avail-

ability is reduced in the hypertensive rat penis; we will address this in

future studies.

The relaxation of corporal smooth muscle (CSM) is essential for

normal erectile function, and substantial evidence implicates the NO–

cGMP signalling pathway as the principal mediator of CSM relaxation

and penile erection.15 NO released in response to sexual stimulation

relaxes penile vascular smooth muscle by increasing the intracellular

cGMP concentration.16 The vasodilatation of erectile tissue allows the

sinusoidal spaces to fill with blood, resulting in the attainment and

maintenance of an erection.17 One previous study has shown that

enhanced levels of contracting factors in hypertension impaired the

NO–cGMP signalling pathway and promoted ED.18 Hypertension

might protect against ED in the initial stages of chronic arterial insuf-

ficiency.19 However, later on, hypertension has contradictory effects

on ED. On the one hand, it worsens ED as a result of chronic arterial

insufficiency due to the progression of atherosclerosis; on the other

hand, it overcomes the obstruction of penile artery stenosis in the

initial stages of the disease by directly interfering with pulse pressure.19

Our findings suggest that decreased cGMP concentration may con-

tribute to ED in the penile tissue of the 2K–1C hypertensive rats after

propranolol treatment.

Here, we provide several lines of evidence that the increased

expression of IGFBP-3 might play a role in the development of

ED in 2K–1C hypertensive rats 4 weeks after propranolol treatment.

We further show that this is associated with decreased IGF-1 avail-

ability and downregulation of NO–cGMP signalling in the penis.

Further studies are necessary to explore the mechanistic link

between IGFBP-3 upregulation and the downregulation of NO–

cGMP signalling.
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