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Time-Dependent Changes of Erectile Function in Diabetic Rats: 
Role of Systemic Endothelial Dysfunction 
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Department of Urology, Seoul National University College of Medicine, Seoul, Korea

Purpose: To understand the potential contribution of systemic endothelial dysfunction to diabetic erectile dysfunction, and the 

time course of erectile dysfunction in a streptozotocin (STZ)-induced diabetic rat model.

Materials and Methods: Among 84, 12-week-old Sprague-Dawley rats, 48 rats received intraperitoneal STZ and were classified 

into six groups of diabetes by the period of observation (n=8). The remaining 36 rats were also grouped, similar to the diabetic 

groups, and served as normal controls. After 4, 6, 8, 10, 12, and 14 weeks of diabetes (serum glucose ＞250 mg%), all rats 

underwent cavernous nerve electrostimulation (3 V, 0.2 ms, 30 sec) with varying frequency (2.5∼20 Hz). At the end of the study, 

8 ml of blood was taken to measure the plasma markers of endothelial function and glycosylated hemoglobin. 

Results: Compared to the control, significant reduction of erectile response was not observed until eight weeks after diabetes 

induction. The diabetic rats had elevation of all plasma markers except for l-selectin. However, the correlation analysis revealed 

that no systemic marker of endothelial dysfunction was associated with change in erectile function. Only the level of hemoglobin 

A1c (HbA1c) showed a modest but significant correlation with the peak intracavernosal pressure, corrected by mean arterial 

pressure (ρ=−0.183), and the area under the curve of the cavernosometry (ρ=−0.207).

Conclusions: Significant reduction of erectile function was not observed until eight weeks after the induction of diabetes. Except 

for HbA1c, there was no systemic marker associated with endothelial activation and erectile function in the diabetic rats.
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INTRODUCTION

    Erectile dysfunction (ED) often affects diabetic patients. 
According to a recent study, the crude prevalence of ED 
was over 50% among men with diabetes.1 The etiology of 
ED in diabetic patients is presumed to be multifactorial, 

but appears predominantly to be caused by a failure of ni-
tric oxide (NO)-mediated cavernosal smooth muscle re-
laxation due to an autonomic neuropathy and endothelial 
dysfunction.2 
    There is growing evidence to support the relationship 
between systemic endothelial dysfunction and ED in dia-
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betic patients.3,4 Compared to diabetic patients with nor-
mal potency, diabetic patients with ED have different re-
sults on tests of systemic endothelial function, such as re-
sponse to L-arginine stimulation, circulating concen-
tration of plasma thrombomodulin and cell adhesion 
molecules.3 A significant reduction in endothelium-medi-
ated vascular responses was associated with impaired 
erectile function in the diabetic group, when compared 
with matched non-diabetic controls from human and ani-
mal studies.4,5 By contrast, Browne et al6 reported no dif-
ference in the forearm blood flow response to acetylcho-
line, a surrogate marker of endothelial function, between 
impotent and potent diabetic men. While the explanation 
for these discrepant results is not clear, the differing sensi-
tivity of the various tests of endothelial dysfunction and 
diabetes’ variation in severity, which is dependent on dia-
betes’ duration and glycemic control, might contribute to 
the inconsistent results. Serial evaluation of erectile func-
tion and evaluation of its association with endothelial 
function during the course of diabetes in rats might pro-
vide insight into this unresolved issue.
    Streptozotocin (STZ)-induced diabetic rats have been 
widely used to elucidate the mechanisms involved in the 
pathophysiology of diabetic ED. Most studies using dia-
betic rats have measured erectile responses to cavernous 
nerve stimulation 6∼12 weeks after induction of diabetes 
with various doses of intraperitoneal STZ.7-10 However, 
the absence of a standardized protocol for induction of 
diabetes and the wide range of time points used for the 
evaluation of erectile responses might provide incon-
sistent data leading to an incomplete understanding of the 
natural course of ED in STZ-induced diabetic rats, and 
making it difficult to interpret and compare experimental 
results. Only a few studies have addressed this concern.11,12

    Therefore, in this study, we investigated changes in 
erectile function and endothelial function during the 
course of STZ-induced diabetes in rats to improve our un-
derstanding of the association of systemic endothelial dys-
function with diabetic ED.

MATERIALS AND METHODS
1. Experimental animals 

    Eighty-four 8-week-old male Sprague-Dawley rats were 

classified randomly into a diabetic (n=48) or control 
(n=36) group. The rats were kept under a 12 hours 
light/dark cycle and fed rat pellets ad libitum. The rats re-
ceived either STZ (50 mg/kg, intraperitoneal injection) or 
the same volume of vehicle (0.1 M citrate buffer, pH 4.5). 
At the time of injection, the animals weighed 180∼220 g. 
Blood glucose levels were checked in all animals 48 hours 
after the injection using an Accu-Chek Compact Meter 
(Roche Diagnostics, Indianapolis, IN, USA) and diabetes 
was confirmed when the rats had significant hyper-
glycemia (＞250 mg/dl). By that time, approximately 60% 
of rats developed diabetes. The remaining non-hyper-
glycemic rats received a second injection (30 mg/kg) and 
they became diabetic within three days. Body weight and 
blood glucose levels were monitored every other week. 
All procedures were approved by the Institutional Animal 
Care and Use Committee of Seoul National University 
Hospital (IACuc No 10-0236).

2. Experimental design

    Erectile function was evaluated in anesthetized diabetic 
rats and age-matched control rats at 4, 6, 8, 10, 12, and 14 
weeks after induction of diabetes. The functional studies 
were performed with eight diabetic and six control rats at 
each point in time. On the day of the study, the rats were 
fasted overnight and then anesthetized with sodium pen-
tobarbital (50 mg/kg, intraperitoneal injection). After com-
pleting the functional studies, a total of 8 ml whole blood 
was taken from the aorta. An aliquot was mixed with 
Na2-EDTA (final concentration 1 mg/ml) for the percent 
hemoglobin A1c (HbA1c) determination by immunoassay 
(Roche Diagnostics). The other portion of the sample was 
added to a test tube, where it was mixed with 1/10 of its 
volume of 0.11 M sodium citrate. The plasma was re-
moved after centrifugation, in a floor-standing centrifuge, 
for 20 minutes at 1,700 g and 4oC and was stored at 
−70oC until assayed.

3. In vivo assessment of erectile function

    Erectile responses were elicited by electrical stim-
ulation of the cavernous nerve as described previously.13 
Stimulation parameters were 3 V at varying frequencies of 
2.5∼20 Hz with square wave duration of 0.2 ms for 30 sec. 
Both mean arterial pressure (MAP) and intracavernosal 
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Fig. 1. The effect of diabetes on body weight and serum glucose concentrations. (A) The rats were weighed at regular intervals for 14
weeks. (B) Blood glucose was measured every 2 weeks. Significant elevation of blood glucose was noted within 2 weeks of 
streptozotocin injection. ■: nondiabetic control animals, ▲: streptozotocin-induced diabetic rats. *Statistically significant difference
from control group at each point in time (p＜0.05). 

pressure (ICP) were continuously monitored during the 
electrical stimulation. Comparisons were made for the 
percent ICP/MAP and the area under the curve (AUC) cor-
responding to the duration of electrical stimulation.

4. Measurement of plasma markers of endothelial 
function 

    Enzyme-linked immunosorbent assays (ELISA) were 
used to assess plasma concentrations of soluble intra-
cellular adhesion molecule, e-selectin, and l-selectin (R & 
D Systems, Abingdon, UK). The plasma von Willebrand 
factor (vWF) was measured by ELISA (Diagnostica Stago, 
Asniéres Cedex, France). The high sensitivity C-reactive 
protein (hs-CRP) level was assessed by immunoturbidim-
etry using a Tina-quant, C-reactive protein high-sensitivity 
kit and a Hitachi analyzer (Roche, Laval, Quebec, 
Canada). Endothelin-1 (ET-1) was measured by enzyme 
immunoassay (Assay Designs, Ann Arbor, MI, USA). All 
assays were performed in duplicate and in a blinded 
fashion.

5. Statistical analysis

    Data are presented as the mean±standard deviation. 
The significance of differences between the diabetic 
group and the control group was evaluated using the 
Mann-Whitney test. Correlations between erectile func-
tion and plasma endothelial markers were estimated by 

Spearman correlation analysis. Statistical significance was 
considered to be when p＜0.05.

RESULTS
1. General feature of diabetes 

    Fig. 1 shows the changes in body weight and blood glu-
cose levels of the two groups. The body weight of the con-
trol rats gradually increased 2.5 fold from approximately 
200 g at 14 weeks. By contrast, the body weight of the dia-
betic rats remained unchanged during the experimental 
period and was significantly less than that of the age- 
matched control rats. Once the rats became diabetic, the 
serum glucose levels were maintained in the range of 300
∼410 mg/dl throughout the study.

2. In vivo assessment of erectile function 

    Erectile responses, expressed as percent ICP/MAP and 
AUC at each point in time, are shown in Table 1. 
Compared to the age-matched controls, there was no evi-
dence for deterioration of the erectile function until six 
weeks after the induction of diabetes. Although eight 
weeks of diabetes was associated with the beginning of 
the alteration of the erectile responses, the degree of func-
tional impairment was different based on the parameters 
measured. Compared to the age-matched control group, 
the 8-week diabetic rats began to show a significant de-
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Table 1. Results of cavernosometry on electrostimulation (3 V, 50 sec, 0.2 ms)

Duration Frequency (Hz)
ICP/MAP AUC 

Control DM Control DM

4 weeks
2.5
5

10
20

6 weeks
2.5
5

10
20

8 weeks
2.5
5

10
20

10 weeks
2.5
5

10
20

12 weeks 
2.5
5

10
20

14 weeks 
2.5
5

10
20

21.4 (5.2)
32.5 (4.8)
57.3 (6.1)
72.1 (6.5)

18.6 (4.3)
31.7 (5.2)
52.1 (6.2)
69.0 (6.2)

22.5 (4.4)
37.6 (4.9)
50.2 (5.1)
68.8 (6.4)

19.2 (5.4)
28.6 (4.9)
55.6 (6.7)
71.6 (7.2)

24.1 (5.3)
34.4 (6.5)
56.8 (5.6)
69.1 (6.3)

20.3 (3.7)
30.5 (4.2)
55.7 (6.0)
67.2 (4.9)

21.5 (6.8)
31.9 (7.6)
62.9 (9.1)
74.2 (10.2)

21.2 (7.3)
33.5 (8.3)
49.8 (11.2)
70.4 (8.8)

19.6 (6.6)
35.7 (5.7)
45.6 (9.2)
61.2 (7.9)

21.3 (8.1)
26.5 (8.7)
48.9 (9.6)
65.4 (12.5)

16.7 (6.6)
23.6 (5.4)*
32.8 (8.3)*
40.7 (12.3)*

8.9 (3.1)*
25.6 (7.2)*
28.6 (9.8)*
35.4 (8.4)*

1196 (72)
1588 (78)
2532 (123)
3182 (75)

1193 (88)
1539 (154)
2486 (189)
3121 (92)

1258 (85)
1653 (101)
2204 (147)
3206 (145)

1178 (91)
1463 (77)
2527 (93)
3301 (105)

1284 (95)
1591 (109)
2408 (138)
3088 (176)

1236 (87)
1627 (69)
2415 (126)
3004 (156)

1069 (116)
1493 (137)
2400 (95)
2986 (138)

1321 (107)
1558 (88)
2563 (135)
2987 (154)

1132 (132)
1415 (58)
1802 (174)*
2688 (157)*

865 (123)*
986 (92)*

1763 (144)*
2541 (149)*

754 (99)*
1253 (116)*
1270 (158)*
1455 (221)*

596 (118)*
1051 (146)*
1191 (116)*
1384 (118)*

Values are presented as mean (standard deviation).
*Denotes statistically significant difference (p＜0.05).
ICP: intracavernosal pressure, MAP: mean arterial pressure, AUC: area under the curve, DM: diabetes mellitus.

crease in the AUC observed at the higher frequencies of 
nerve stimulation (10, 20 Hz). After this time, significant 
differences in the AUC were observed between the dia-
betic group and the control group at all frequencies. By 
contrast, a significant reduction in the percent ICP/MAP 
was not observed until 12 weeks of diabetes. The differ-
ences, in both parameters, gradually increased during the 
course of diabetes in both the diabetic and control groups. 

3. Change of endothelial markers during the course 
of diabetes (Fig. 2)

    Six plasma markers and HbA1c were measured during 
the course of diabetes. There were significant differences 

in the tested markers between the two groups. The plasma 
e-selectin and vWF showed the earliest significant 
changes starting from four weeks of diabetes induction. 
The differences peaked at six and eight weeks, and de-
clined thereafter. The intracellular adhesion molecule 
(ICAM) and ET-1 began to show a significant elevation be-
ginning at eight weeks of diabetes. The plasma levels of 
both markers increased further during the remaining peri-
od of study. Elevated plasma hs-CRP was observed from 
four weeks of diabetes, and its level remained elevated 
throughout the study. On the other hand, the plasma level 
of l-selectin did not show a significant difference com-
pared to the controls during the study. The plasma levels 
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Fig. 2. Serial comparison of plasma markers between control and diabetic 
rats. The levels were measured after the tested rats were euthanized and 
blood was collected. (A) Intracellular adhesion molecule (ICAM), (B) 
e-selectin, (C) l-selectin, (D) von Willebrand factor, (E) high sensitivity 
C-reactive protein (hsCRP), (F) endothelin-1 and (G) hemoglobin A1c 
(HbA1c). *Statistically significant difference from control group at each 
point in time (p＜0.05). 

of HbA1c began to show significant elevations six weeks 
after diabetes induction; the level was further elevated, up 
to 10.3%, by 14 weeks of diabetes.

4. Correlation analysis (Table 2)

    Table 2 shows the results of the correlation analysis of 

the variables of erectile function compared to various plas-
ma markers. Except for the HbA1c, there was no sig-
nificant correlation noted between the other plasma mark-
ers of endothelial injury and the variables of erectile 
function. A modest, but significant correlation was ob-
served between the HbA1c and the erectile parameters (ρ=
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Table 2. Correlation between various plasma markers and 
variables of erectile function 

Spearman’s Rho (p) Peak ICP/MAP Peak AUC

Plasma glucose 
ICAM
e-selectin
l-selectin
vWF
CRP
ET-1
HbA1c

−0.08 (0.44)
−0.37 (0.32)
−0.15 (0.46)

0.07 (0.68)
−0.16 (0.31)
−0.11 (0.45)
−0.27 (0.19)
−0.18 (0.02)

−0.22 (0.62)
−0.55 (0.11)
−0.37 (0.20)

0.15 (0.75)
−0.38 (0.19)
−0.26 (0.28)
−0.48 (0.09)
−0.21 (0.02)

Values are presented as mean (standard deviation).
ICP: intracavernosal pressure, MAP: mean arterial pressure, 
AUC: area under the curve, ICAM: intracellular adhesion 
molecule, vWF: von Willebrand factor, CRP: C-reactive 
protein, ET-1: endothelin-1, HbA1c: hemoglobin A1c.

−0.18 for ICP/MAP; −0.21 for AUC). 

DISCUSSION

    In the current study, we described the change of reflex 
erectile function and several blood markers of endothelial 
dysfunction in rats with STZ-induced diabetes. As pre-
viously reported, the rats showed evidence of declining 
erectile function following the STZ injection.11,12 Com-
pared to the age-matched controls, the diabetic rats 
showed a significant decrease in the ICP/MAP and AUC at 
the eight and twelve week assessments after the STZ in-
jection, respectively. While the elevation of several mark-
ers of endothelial dysfunction preceded the decline of 
erectile function, there was no marker that showed a better 
correlation with erectile function than the HbA1c, which 
showed only a modest correlation. This is the first study to 
describe the biweekly changes in erectile function, in dia-
betic rats, in detail, and to correlate the changes with vari-
ous plasma markers of endothelial dysfunction with erec-
tile function.
    One important finding of our study was that the deter-
mination of erectile function impairment depends on the 
tested parameters and conditions. The AUC of the diabetic 
rats showed significant erectile impairment as early as 
eight weeks; however, the ICP/MAP, which has been the 
most frequently used parameter in cavernosometry, 
showed evidence of deterioration at twelve weeks after 
the STZ injection. In addition, the erectile response to 

higher frequencies of stimulation appeared to decrease 
earlier than that to lower frequencies. These results sug-
gest that a period of two to three months is needed to accu-
rately measure the effects of STZ on ED in rats. In addition, 
a range of electrical stimulation during the cavernosome-
try is needed for appropriate assessments. The fact that 
changes in the AUC preceded the changes in the ICP/MAP 
implies that the sole use of ICP/MAP might not be ad-
equate for the detection of changes in erectile function, 
and other indices of erectile function such as the AUC 
should be added to such evaluations. The ICP/MAP is the 
adjustment of peak ICP for systemic blood pressure; this 
index may just reflect the capability to provide a rigid erec-
tion in humans. However, other components of an erec-
tion, such as the amount of tumescence or the capability of 
maintaining the tumescence are important for erectile 
function. The AUC is the total sum of the elevated ICP dur-
ing the test and might reflect the tumescence time for 
humans. The necessity for other indices in addition to the 
ICP/MAP has been suggested by others. Following the 
treatment with chronic sildenafil, a significant beneficial 
effect appeared only in the detumescence time rather than 
ICP/MAP.14 The reflex erection of the rat in itself does not 
sufficiently mirror the human response, but detailed anal-
ysis of erectile parameters, in the diabetic rat model, might 
provide additional insight into the human response.
    Our results are not consistent with those from Melman 
et al,15 which have reported significant changes in ICP/ 
MAP in as early as 1 month after STZ injection. The differ-
ence in tested species (Sprague-Dawley vs. Fischer-344) 
and stimulation parameters may partly explain the 
difference. Moreover, a difference in blood glucose con-
trol as reflected by the difference in the mean blood glu-
cose level could be the reason. Their diabetic rats showed 
a higher mean blood glucose (always ＞400 mg/dl) levels 
than those from our diabetic group, which ranged 300∼
410 mg/dl during the period of study. 
    Diabetes might be associated with low-grade in-
flammation and subsequent endothelial dysfunction, 
which is characterized by decreased systemic bioactivity 
of NO. Since NO is also the principal molecule respon-
sible for penile erections, it is presumed that systemic en-
dothelial dysfunction plays an important role in diabetic 
ED. However, there is limited information on the temporal 
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relationship between endothelial function and diabetic 
ED. Therefore, we serially measured several markers asso-
ciated with endothelial function and inflammation in the 
rat model of diabetes. Systemic endothelial function in an-
imals has been evaluated either by measuring vascular 
smooth muscle responses to various stimuli or by de-
termining blood levels of selected compounds presumed 
to reflect endothelial function. Since the former method 
takes much more time per animal and is not suitable for 
generating meaningful statistical data, during a limited pe-
riod of time, we chose serial assessment of several blood 
markers of endothelial dysfunction as potential surrogates 
of endothelial function. Except for l-selectin, we noted sig-
nificant elevation in the plasma markers associated with 
endothelial activation (vWF, e-selectin, ICAM, ET-1) or in-
flammation (hs-CRP) in the diabetic rats, similar to the re-
sults demonstrated in human diabetic patients.16-18 Howe-
ver, the variable kinetics of each plasma marker made it 
difficult to draw any meaningful conclusion regarding the 
role of systemic endothelial dysfunction in the develop-
ment of diabetic ED. Among four plasma markers of endo-
thelial activation tested, elevation of the vWF and e-se-
lectin levels was noted as early as four weeks, whereas 
ICAM and ET-1 showed delayed elevation, noted after 
eight weeks of diabetes. Furthermore, while the former 
markers showed a temporary elevation, the latter markers 
maintained their level during the remaining period of the 
study. These results suggest the presence of significant en-
dothelial dysfunction in diabetic rats. However, the plas-
ma vWF and e-selectin may be sensitive markers of endo-
thelial dysfunction, but their transient nature is difficult to 
explain. In addition, the ICAM and ET-1 levels were not as 
sensitive to early changes in the endothelial function. The 
plasma level of the hs-CRP, which reflects a low-grade in-
flammation, remained elevated throughout the study. This 
finding was consistent with previous diabetic studies, and 
supports the presence of systemic inflammation in 
diabetes.19,20 The reason l-selectin showed no change is 
unclear; other studies have reported inconsistent results 
with regard to l-selectin levels in diabetic patients.21,22 

Interestingly, no single plasma marker showed a mean-
ingful correlation with erectile function. The null relation-
ship between changes in systemic endothelial function 
and ED, and the inconsistent results between markers of 

systemic endothelial function suggest that systemic endo-
thelial dysfunction did not seem to play a significant role 
in the development of ED during the early phase of 
diabetes. These findings also cast doubt on the role of 
these markers as a potential target for therapy and fol-
low-up. 
    Although other explanations for diabetic ED were not 
evaluated in this study, multiple local etiologies have 
been suggested in other rat models of diabetic ED. The de-
creased expression of neuronal and/or endothelial nitric 
oxide synthase (NOS),23,24 decreased NOS activity,23 and 
accumulation of advanced glycation end products25 has 
been shown to be associated with impairment of erections. 
Glycation of endothelial NOS (O-linked GlcNAc mod-
ification), which leads to decreased enzyme activity, has 
been found in diabetic rats.26 Compared to the above- 
mentioned local mechanisms, the significance of systemic 
endothelial dysfunction does not appear to be a significant 
factor.
    Unlike other plasma markers, the amount of glycosy-
lated hemoglobin showed a meaningful negative correla-
tion with erectile function in diabetic rats. Hyperglycemia 
per se was shown to quench NO and inactivate NOS by in-
creasing the formation of free radicals. The role of super-
oxide in hyperglycemic conditions is well known. It di-
rectly reacts with NO and its serum level is correlated with 
glycemic control. Glycosylated hemoglobin impaires en-
dothelium-derived relaxation of the corpus cavernosum in 
a dose-dependent manner and superoxide dismutase 
completely reverses this impairment.27 Consistent with 
preclinical studies, a negative correlation between the lev-
els of glycosylated hemoglobin and erectile function has 
been demonstrated in patients with type 2 diabetes.28 Our 
results confirm the importance of uncontrolled hyper-
glycemia in diabetic ED.
    The major limitation of our study could be the absence 
of data on vaso-relaxation responses as a surrogate for en-
dothelial function. Along with measurement of the blood 
levels of certain molecules, tests of endothelium-depend-
ent vasomotion provide a functional test of the endo-
thelium. The endothelium has a multitude of functions; 
different tests are needed to measure different aspects of 
endothelial function. Some studies have indicated a corre-
lation among these functions, while others have not.29-31 
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Therefore, in the future, the data on vasomotion must be 
more specifically associated with erectile function to de-
termine the association of endothelial dysfunction with di-
abetic ED. 

CONCLUSIONS

    Our observational data in a rat diabetic model showed 
eight weeks were needed to observe impairment of erec-
tions in STZ-injected diabetic rats. There was some evi-
dence of systemic endothelial dysfunction in the diabetic 
rats, but no association with erectile function was found. 
These results suggest no significant role of systemic endo-
thelial dysfunction in the development of early phase dia-
betic ED. However, the important role of uncontrolled hy-
perglycemia in diabetic ED was once again confirmed.
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