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Abstract

Background—The pathophysiology of increased severity of erectile dysfunction in men with 

diabetes and their poor response to oral pharmacotherapy are unclear. Defective vascular 

endothelium and consequent impairment in the formation and action of nitric oxide (NO) are 

implicated as potential mechanisms. Endothelial NO synthase, critical for NO generation, is 

localized to caveolae, plasma membrane lipid rafts enriched in structural proteins, and caveolins. 

Type 2 diabetes mellitus (T2DM)-induced changes in caveolin expression are recognized to play a 

role in cardiovascular dysfunction.
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Aims—To evaluate DM-related changes to male erectile tissue in a mouse model that closely 

resembles human T2DM and study the specific role of caveolins in penile blood flow and 

microvascular perfusion using mice lacking caveolin (Cav)-1 or Cav-3.

Methods—We used wild-type C57BL6 (control) and Cav-1 and Cav-3 knockout (KO) male 

mice. T2DM was induced by streptozotocin followed by a high-fat diet for 4 months. Penile 

expressions of Cav-1, Cav-3, and endothelial NO synthase were determined by western blot, and 

phosphodiesterase type 5 activity was measured using [3H] cyclic guanosine monophosphate as a 

substrate. For hemodynamic studies, Cav-1 and Cav-3 KO mice were anesthetized, and penile 

blood flow (peak systolic velocity and end-diastolic velocity; millimeters per second) was 

determined using a high-frequency and high-resolution digital imaging color Doppler system. 

Penile tissue microcirculatory blood perfusion (arbitrary perfusion units) was measured using a 

novel PeriCam PSI system.

Outcomes—Penile erectile tissues were harvested for histologic studies to assess Cav-1, Cav-3, 

and endothelial NO synthase expression, phosphodiesterase type 5 activity, and blood flow, and 

perfusion measurements were assessed for hemodynamic studies before and after an 

intracavernosal injection of prostaglandin E1 (50 ng).

Results—In T2DM mice, decreased Cav-1 and Cav-3 penile protein expression and increased 

phosphodiesterase type 5 activity were observed. Decreased response to prostaglandin E1 in peak 

systolic velocity (33 ± 4 mm/s in Cav-1 KO mice vs 62 ± 5 mm/s in control mice) and perfusion 

(146 ± 12 AU in Cav-1 KO mice vs 256 ± 12 AU in control mice) was observed. Hemodynamic 

changes in Cav-3 KO mice were insignificant.

Clinical Translation—Our findings provide novel mechanistic insights into erectile dysfunction 

severity and poor pharmacotherapy that could have potential application to patients with T2DM.

Strengths and Limitations—Use of KO mice and novel hemodynamic techniques are the 

strengths. A limitation is the lack of direct evaluation of penile hemodynamics in T2DM mice.

Conclusion—Altered penile Cav-1 expression in T2DM mice and impaired penile 

hemodynamics in Cav-1 KO mice suggests a regulatory role for Cav-1 in DM-related erectile 

dysfunction.

Keywords

Caveolin-1; High-Fat Diet; Type 2 Diabetes; Erectile Dysfunction

INTRODUCTION

Erectile dysfunction (ED) is highly prevalent (35–90%) and severe in men with diabetes and 

affects quality of life.1 Patients with diabetes do not respond well to phosphodiesterase type 

5 (PDE5) inhibitor therapy, possibly because of defective endothelium and impaired nitric 

oxide (NO).2

Penile erection, a hemodynamic event, is initiated predominantly by the NO and cyclic 

guanosine monophosphate (cGMP) pathway.3 NO is generated in nerve endings and in 

corpus cavernosum (CC) endothelial cells (ECs) by NO synthase (NOS). The penis at rest is 
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in a flaccid state because of the contribution of sympathetic mediators to CC smooth muscle 

(SM) tone.4 During sexual stimulation, NO released from activation of neuronal NOS binds 

to soluble guanylate cyclase, increasing cGMP levels that lead to SM cell (SMC) relaxation 

and CC dilation.5 Subsequent hemodynamics stimulates the phosphatidylinositol-3-kinase 

and protein kinase B pathway, leading to activation of endothelial NOS (eNOS) and release 

of NO.6 Venous outflow occlusion is required for maintenance of high intracavernosal 

pressure and erection. Rigidity is achieved by emissary vein compression that is enhanced in 

part by ischiocavernosus muscles.7 Impaired penile hemodynamics that is mediated by 

defective vascular endothelium is recognized as a major contributor to ED in type 2 diabetes 

mellitus (T2DM).8 The mechanism of how this occurs remains unclear.

Endothelial NOS is localized to caveolae and lipid-rich plasma membrane micro-domains 

and is regulated by caveolins, which are resident scaffolding proteins.9 Caveolae and 

caveolins serve to concentrate receptors, G-proteins, and effector enzymes and are 

associated with regulating NO.9 Penile expression of caveolin-1 (Cav-1) has been found in 

endothelium and SM.10–12 Cav-1 knockout (KO) results in impaired penile SMC relaxation.
10–12

In the absence of Cav-1, there is enhanced cGMP degradation through increased PDE5 

activity in colonic SM.13 PDE5 is localized to endothelial caveolae and modulates eNOS 

activity.14 Caveolin-3 (Cav-3) expression is largely restricted to striated and certain SMs. 

Cav-3 deficiency is correlated to skeletal muscle degeneration15 and could contribute to 

DM-related loss of inschiocavernosus muscle (ICM) strength.16 Decreased flow-mediated 

dilation in coronary arterioles of patients with DM from Cav-1 disruption and NOS 

uncoupling has been reported.17 The exact roles of caveolae and caveolins in the regulation 

of T2DM-related changes in erectile tissue remain unclear.

The aims of this study were to evaluate (i) DM-related changes to male erectile tissue in an 

animal model that closely resembles human T2DM and the contribution of caveolins in DM-

related changes and (ii) the impact of Cav-1 or Cav-3 global deletion on penile 

hemodynamics.

METHODS

The San Diego Veterans Administration Hospital (San Diego, CA, USA) institutional animal 

care and use committee approved the study protocol, and all experiments were conducted in 

accordance with the Guidelines and Use of Laboratory Animals (National Institutes of 

Health, Bethesda, MD, USA). We used adult wild-type male C57BL/6J (control), Cav-1 KO, 

and Cav-3 KO mice in this study (n = 8 or 9 per group).

T2DM Mouse Model

Non-fasted 3-month-old wild-type male mice were injected intraperitoneally with a single 

dose of streptozotocin (STZ; 75 mg/kg in citrate buffer 0.1 mol/L, pH = 4.5) and switched 

immediately to a high-fat diet (60% kilocalories). Control mice received injections of citrate 

buffer 0.1 mol/L as the vehicle and were fed standard chow (4% calories). Three months 

after T2DM induction, serum glucose and glucose tolerance test (GTT) results confirmed the 
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metabolic disorder. For GTT, mice were fasted (11–12 hours), and fasting glucose levels 

were assessed from tail snips followed by intraperitoneal injection of glucose 1 g/kg in 0.9% 

NaCl and monitoring of blood glucose. For the insulin tolerance test (ITT), mice were 

injected with insulin intraperitoneally (0.4 mU/g body weight, which is equivalent to a total 

dose of 4–6.5 ng/mouse based on body weight), and blood glucose levels were monitored. 

An ultrasensitive mouse insulin enzyme-linked immunosorbent assay kit (catalog number 

80-INSHU-E01.1; ALPCO Diagnostics, Salem, NH, USA) was used to determine 

endogenous serum insulin levels (nanograms per milliliter) using the protocol recommended 

by the vendor. Briefly, 25 μL of each standard, control, and sample was transferred into their 

respective wells, followed by the addition of detection antibody 100 μL. The microplate was 

incubated for 1 hour at room temperature on a microplate shaker. Incubation was continued 

with 3,3′,5,5′-tetramethylbenzidine substrate 100 μL for 15 minutes followed by stop 

solution. Absorbance at 450 nm was measured in a plate reader to determine insulin levels 

(nanograms per milliliter). Animals were maintained on the T2DM protocol for 4 months 

and euthanized to harvest tissue.

KO Mouse Models

Cav-1 KO animals were obtained from Jackson Laboratories (stock number 007083; Bar 

Harbor, ME, USA) and sampled from a colony maintained in house. Cav-3 KO mice were 

gifts from Drs Hagiwara and Kikuchi.18

Western Blot Analysis

Protein levels of Cav-1, Cav-3, and fibrosis markers (β-catenin, glycogen synthase kinase-3, 

small mothers against decapentaplegic 3, and transforming growth factor-β) and total eNOS 

were determined by western blot in penile tissues from control and T2DM mice (n = 4 each). 

Penile tissues (mid-shaft) were harvested and stored at −80°C. Samples were homogenized 

with lysis buffer (Tris 20 mmol/L [pH = 7.8], NaCl 137 mmol/L, KCl 2.7 mmol/L, MgCl2 1 

mmol/L, 1% Triton X-100, 10% glycerol, ethylenediaminetetraacetic acid 1 mmol/L, 

dithiothreitol 1 mmol/L). Samples were centrifuged at 600g to 800g at 4°C and supernatant 

was collected. β-Mercaptoethanol and sample buffer were added to the samples and heated 

at 100°C for 10 minutes. Samples were loaded into 10% polyacrylamide precast gels and run 

at 140 V for 1.5 hours. Membranes were blocked in tris-buffered saline and tween (1%) 

containing 3% bovine serum albumin and incubated with primary antibodies overnight at 

4°C. After washing, membranes were incubated for 2 hours in a secondary antibody 

(1:3,000). Blots were developed by an enhanced chemiluminescence method (Amersham 

Biosciences, Piscataway, NJ, USA). The light signal was detected by digital imaging. Image 

analysis for protein quantitation was done using ImageJ (National Institutes of Health). All 

blots were done in duplicate and quantitated using glyceraldehyde 3-phosphate 

dehydrogenase to normalize densitometry values.19

Immunostaining and Ultrastructural Studies

Penile tissue (n = 4) was fixed in formalin for light microscopy and immunostaining. 

Paraffin sections were subjected to antigen retrieval and incubated with a primary antibody 

(Cav-1, Cav-3, and platelet and endothelial cell adhesion molecule-1 [PECAM-1]; 1:200; 

Abcam, Cambridge, UK), followed by a secondary antibody and processed to localize 
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Cav-1, Cav-3, and PECAM-1 (also known as CD31, an endothelial cell marker). We also 

performed immunofluorescence studies using a specific antibody for total eNOS to evaluate 

the localization of this protein in control and T2DM mouse penises. For transmission 

electron microscopy, penile tissues (n = 2–3) from control and T2DM mice were fixed by 

perfusion (2.5% glutaraldehyde and 2% paraformaldehyde) and scanned (FEI Tecnai Spirit 

G2 BioTWIN Philips Eagle 16-megapixel camera; FEI, Hillsboro, OR, USA).20 Images 

were analyzed (ImageJ) to determine caveolin numbers.

PDE5 Activity Measurement

Tissues from control and T2DM mice were homogenized, and PDE5 was isolated by 

immunoprecipitation. PDE5 immunoprecipitates were washed in a medium containing Tris 

50 mmol/L (pH = 7.5), NaCl 200 mmol/L, and ethylenediaminetetraacetic acid 5 mmol/L 

and incubated at 30°C in a reaction mixture containing 2-[N-morpholino] ethanesulfonic 

acid 100 mmol/L (pH = 7.5), ethylenediaminetetraacetic acid 10 mmol/L, magnesium 

acetate 0.1 mol/L, bovine serum albumin 0.9 mg/mL, cGMP 20 μmol/L, and [3H]cGMP. 

Samples were boiled, chilled, and incubated at 30°C in Tris (pH = 7.5) 20 mmol/L medium 

containing Crotalus atrox snake venom 10 μg/μL. Samples were added to DEAE-Sephacel 

A-25 columns (GE Healthcare, Chicago, IL, USA), and radioactivity in the effluent was 

counted. PDE5 activity was expressed as counts per minute per milligram of tissue.13

Doppler Penile Blood Flow Studies

For hemodynamic studies, animals were anesthetized using 1.5% isoflurane. Cavernosal 

artery blood flow was determined using the Vevo2100 color Doppler Duplex system with a 

32- to 56-MHz probe (FUJIFILM VisualSonics Inc, Toronto, ON, Canada). Blood flow was 

measured at baseline and after intracavernosal injection of prostaglandin E1 (PGE1; 50 ng). 

Peak systolic velocity (PSV) and end-diastolic velocity were measured.21

Penile Tissue Microcirculatory Perfusion

Microcirculatory blood perfusion was measured using a Peri-Cam PSI system (Perimed, 

Stockholm, Sweden). This system uses a non-invasive laser speckle contrast (LSC) analysis 

technique to quantitate (in arbitrary units) perfusion in three dimensions. Penile perfusion 

was measured before and after an intracavernosal injection of PGE1 (50 ng). Data were 

analyzed using PIMSoft (Perimed).22

Statistical Analysis

Data (mean ± standard error of the mean) were analyzed using Student t-test or two-way 

analysis of variance using GraphPad Prism (GraphPad Software, Inc, La Jolla, CA, USA). A 

P value less than .05 was considered statistically significant.

RESULTS

T2DM Induction

Three months after T2DM induction, we detected impaired GTT reactions (Figure 1A). 

Insulin administration lowered increased serum glucose levels in obese and control mice 
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(Figure 1B). Figures 1C and 1D show the area under the curve after the GTT and ITT. Based 

on obesity, hyperglycemia, and insulin responsiveness, mice were considered to have T2DM. 

These T2DM mice showed an increased body weight compared with control mice (48 vs 31 

g, respectively) and increased fasting glucose levels (233 vs 105 mg/dL; Figure 1E–G).

Immunofluorescence Studies (Cav-1, Cav-3, PECAM-1, and eNOS)

Figure 2A shows the localization of Cav-1, Cav-3, and PECAM-1 (CD31) in control and 

T2DM mice penises. Cav-1 immuno-labeling was observed throughout the cavernosal 

sinusoids. A noticeable decrease in Cav-1 and Cav-3 was observed in penises of T2DM 

mice. Cav-1 immunoreactivity was widespread (panel a) and more intense compared with 

Cav-3 (panel k). Figure 2A (panels g and q) also shows faint PECAM-1 (CD31) immuno-

labeling in T2DM sections compared with controls (panels b and l). Specific localization of 

Cav-1 and its colocalization with PECAM, mostly around the endothelial lining of 

cavernosal sinusoids, were seen (white arrowheads; panels a, d, and e). Cav-3 was localized 

mostly to the cavernosal SM (white arrowheads; panel k). Figure 2B shows localization of 

eNOS in control (wild-type) and T2DM corpus cavernosum tissue, mostly around the 

endothelial lining of cavernosal sinusoids. A noticeable decrease in eNOS staining was 

observed in penises of T2DM mice (panels e, g, and h).

Ultrastructural Studies

Electron micrographic images of the CC ultrastructure show the EC lining, SMCs, 

subcellular collagen, and regular alignment of caveolae in the penile tissue of control and 

T2DM mice (Figure 3A, 3E). There was no significant difference in the number of 

endothelial caveolae (4.35/μm in T2DM mice vs 4.89/μm in controls) between these 

animals. Control animals showed SMCs with several protrusions making cell-cell 

communications (Figure 3D), whereas T2DM animals lacked these protrusions (Figure 3H).

Western Blot Analysis

Decreased levels of Cav-1 and Cav-3 are shown in Figure 4A in T2DM mice (Figure 4B). A 

50% decrease in Cav-1 (Figure 4B) protein was observed compared with 34% for Cav-3. 

Western blot and image analysis for transforming growth factor-β, small mothers against 

decapentaplegic 3, and β-catenin (Figure 4C) showed a significant increase in T2DM mice. 

T2DM mice showed an increase in PDE5 protein levels (Figure 4D). A significant decrease 

in eNOS also was observed in T2DM penile tissues compared with controls (Figure 4E).

PDE5 Activity

A 58% increase in PDE5 activity was observed in T2DM mice (416 ± 44 cpm/mg protein) 

compared with controls (264 ± 31 cpm/mg protein; Figure 4F).

Doppler Penile Blood Flow

Figures 5A to 5C show Doppler images at baseline and after PGE1 injection in control and 

Cav-1 and Cav-3 KO mice. PSV baseline values for control and Cav-1 and Cav-3 KO mice 

were 39 ± 3, 26 ± 4, and 34 ± 4 mm/s, respectively. After PGE1 injection, an increase in 

PSV was observed. After PGE1 injection, peak PSV levels for control and Cav-1 and Cav-3 
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KO mice were 62 ± 5, 33 ± 4, and 60 ± 9 mm/s, respectively (Figure 5D). A significant 

impairment in PGE1-induced PSV was observed in Cav-1 KO mice. Cav-3 KO mice also 

exhibited a decreased PSV, but this was not significant.

Penile Tissue Microcirculatory Perfusion

Figure 6A shows penile tissue perfusion in a control mouse. Figure 6B shows peak penile 

perfusion images after PGE1 injection. Baseline values of perfusion for control and Cav-1 

and Cav-3 KO mice were 127 ± 17, 66 ± 6, and 48 ± 5 AU, respectively. PGE1 injection 

increased perfusion in all animals. Perfusion levels for control and Cav-1 and Cav-3 KO 

mice were 256 ± 12, 146 ± 12, and 185 ± 14 AU, respectively. A significant impairment in 

penile perfusion was observed in Cav-1 KO animals (Figure 6C). Cav-3 KO mice also 

exhibited decreased perfusion, but this was not significant (Figure 6C).

DISCUSSION

The aims of this study were to (i) determine whether T2DM induced by STZ and a high-fat 

diet would lead to penile tissue abnormalities that would affect erectile function and (ii) 

understand the underlying molecular mechanisms and specifically evaluate the role of 

caveolae and caveolins in this pathophysiology. We used a model of T2DM closely 

resembling the clinical features of human T2DM to evaluate morphologic, ultrastructural, 

and molecular changes. Our T2DM model is consistent with previous reports.23,24 Our 

T2DM mice were obese and showed increased blood glucose and serum insulin levels at 3 

months after STZ and high-fat diet treatment. In contrast, type 1 diabetes mellitus (T1DM) 

models induced by STZ alone show low body weights and a decrease in the amount of 

insulin compared with controls.25 These observations support our claim that our model 

resembles the T2DM rather than the T1DM model. Our studies using this T2DM model 

showed decreases in penile Cav-1, Cav-3, and eNOS levels; therefore, in the second part of 

our study, we used Cav-1 and Cav-3 KO mice to evaluate the hemodynamic impact of 

caveolin deletion.

It is well recognized that endothelial dysfunction is a major factor in DM-associated ED 

pathophysiology.8 However, the mechanisms by which this DM-related endothelial 

dysfunction affects penile hemodynamics and SM relaxation in ED are not understood. 

Advancements are hindered by (i) a paucity of clinical studies of disease-specific patient 

populations (types 1 and 2),26 (ii) the fact that many basic science data have stemmed from 

T1DM models, and (iii) the current research technology to study penile hemodynamics 

being obsolete and invasive. Our T2DM mouse model leads to obesity and altered GTT and 

ITT results, which are three characteristic features of human T2DM. Endothelial 

dysfunction-related ED has been shown in T2DM models,27–29 manifesting increased 

apoptosis in cavernosal tissue. This is accompanied by decreased EC content and decreased 

ratio of SMC to collagen.27 Our findings corroborate previous observations of increasing 

fibrosis markers (western blot data) and decreasing eNOS. Our ultrastructural studies show 

DM dysregulates cell-cell interactions between ECs and SMCs consistent with the current 

literature suggesting communication between these two cell types is critical for normal 
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vascular function. Although the mechanism of aberrant communication noticed in the penile 

ultrastructure of T2DM mice is unclear, it could involve caveolins.

Endothelial NOS is localized to caveolae and is regulated by caveolins. PDE5 also is 

localized to endothelial caveolae and thus modulates eNOS activity.14 Cav-deficient mice 

have been shown to have impaired SMC relaxation10–12 and increased PDE5 activity.13 Cav 

deficiency also has been correlated to skeletal muscle degeneration15 and could contribute to 

DM-related loss of ICM strength involved in penile hemodynamics. Our observation of 

impairment in PGE1-induced penile blood flow and perfusion suggests SM dysfunction as 

another potential mechanism. In addition to EC and SMC dysfunction, cavernous fibrosis 

has been confirmed as an important contributing factor in DM-related ED.30 We focused on 

important markers of fibrotic pathways (ie, transforming growth factor-β, small mothers 

against decapentaplegic 3, Wnt signaling, β-catenin, and glycogen synthase kinase-3) that 

were previously implicated in STZ-induced DM.30 Our findings confirm a potential role of 

these fibrogenic pathways in T2DM-induced penile changes. Penile tissue fibrotic changes 

and increased PDE activity observed in T2DM mice are other possible contributing factors 

to DM-related ED.

Our results showed a defective penile hemodynamic mechanism in Cav-1 KO animals. 

Interestingly, Cav-3 deletion had no significant impact on penile hemodynamics, although 

the effect was slightly blunted, which suggests that primary hemodynamic regulation is 

driven by ECs and SMCs. Our findings agree with observations that Cav-1 is the most 

important contributor to normal urogenital function.31 We used (i) Doppler ultrasound to 

determine macro-circulation and (ii) a novel LSC imaging method to assess microcirculatory 

perfusion. Our results indicate a significant decrease in PSV in Cav-1 KO mice, suggesting 

impaired CC blood flow. In addition, Cav-1 KO mice exhibited significantly impaired 

microcirculation. LSC imaging is a novel technique to determine tissue perfusion in mouse 

and this has been shown to be effective in humans to determine endothelial function.22 

Previous studies have implicated microvascular dysfunction in physiologic aging and in 

patients with DM and cardiovascular diseases. Thus, our LSC imaging method is a viable 

technique to evaluate penile microvascular perfusion in small-animal models that would be 

considered challenging.

Certain limitations are apparent in our study. Evaluation of the splice variants of Cav-1 and 

analysis of caveolin-2 would help us to understand the role of each caveolin isoform in ED. 

However, these parameters are beyond the scope of the present study and might be worth 

pursuing in future investigations. Also, we focused only on hemodynamic changes, and 

intracavernosal pressure measurements were not done to corroborate these findings. We 

hope to address these in our future studies. Moreover, we measured total eNOS expression 

and observed changes in expression between the control and T2DM groups. We are aware 

there are phosphorylation sites on eNOS that could be probed but this was not done in the 

present study. As with the other limitations, this was beyond the scope of the present study 

and might be worth pursuing in future studies that aim to associate caveolin to specific states 

of eNOS activation.
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In summary, the T2DM mouse penis exhibited (i) decreased Cav-1, Cav-3, and eNOS levels; 

(ii) increased fibrosis; (iii) increased PDE5 activity; and (iv) impaired penile blood flow and 

perfusion in Cav-1 KO mice. Our novel studies show for the first time that decreased Cav-1 

and Cav-3 protein levels are found in male erectile tissue of T2DM mice. Our findings 

confirm a regulatory role for Cav-1 in penile hemodynamics and raise the possibility of 

targeting the upregulation of caveolin as a novel strategy to treat DM-related ED. However, 

our present study has some limitations. We recognize that evaluation of penile he-

modynamics in T2DM mice would have provided direct, additional proof of concept. 

However, the impact of vascular risk factors such as DM on penile hemodynamics has been 

confirmed in humans.32 Our focus was to identify the cellular mechanism for this 

impairment, and the present studies provide evidence for the role of Cav-1.
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Figure 1. 
Comparison of GTT and ITT in T2DM and control mice. Panel A shows impaired glucose 

tolerance compared with control littermates on normal chow. Panel B shows that insulin 

administration lowered increased serum glucose levels in obese and control mice. Panel C 

shows a significant increase is the area under the curve for T2DM after GTT. Panel D shows 

a significant increase in the area under the curve after ITT. Panel E shows body weight 

changes. Panel F shows fasting blood glucose levels 3 months after T2DM induction. Panel 

G shows serum insulin levels 3 months after T2DM induction. *P < .05. C = control; GTT = 

glucose tolerance test; ITT = insulin tolerance test; T2DM = type 2 diabetes mellitus.
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Figure 2. 
Panel A shows fluorescence images of immuno-labeling for Cav1 and Cav3 (red areas in 

panels a, f, k, p) and an endothelial marker, platelet and endothelial cell adhesion molecule-1 

(CD31; green areas in panels b, g, l, q), in penile tissue cross-sections from control (WT) 

and T2DM mice. Specific localization of Cav1 and its colocalization with platelet and 

endothelial cell adhesion molecule-1, mostly around the endothelial lining of cavernosal 

sinusoids, are seen (white arrowheads in panels a, d, e). Cav3 is localized to the cavernosal 

smooth muscle (white arrowheads in panel k). The yellow area on the merged images 

denotes a doubly positive area for Cav1 and platelet and endothelial cell adhesion 

molecule-1. Inset shows magnified image. Note decreased Cav1 and Cav3 staining in T2DM 

mouse corpus cavernosum tissue. Magnifications = 10× and 40×. Panel B shows 

fluorescence images of immuno-labeling for eNOS in penile tissue cross-sections from 

control (WT; panels a, c, d) and T2DM (panels e, g, h) mice. Specific localization of eNOS 

around the endothelial lining is shown with white arrowheads. Note the decreased eNOS 

staining in T2DM mouse corpus cavernosum tissue. Inset shows magnified image. 

Magnifications = 10× and 40×. Cav1 = caveolin-1; Cav3 = caveolin-3; DAPI = 4′,6-

diamidino-2-phenylindole; sNOS = endothelial nitric oxide; T2DM = type 2 diabetes 

mellitus; WT = wild type. Figure 2 is available online at www.jsm.jsexmed.org.
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Figure 3. 
Representative electron microscopic images showing the corpus cavernosum ultrastructure 

from control (WT; left panel) and T2DM (right panel) mice. Panels A and E show the ultra-

structural organization of important organelles such as the endothelial cell lining and smooth 

muscle cells. Panels B and F show caveolins on the endothelial cell lining and intracellular 

collagen. Panels C and G show zoomed regions of the insets from panels B and F displaying 

endothelial cell lining caveolins (red arrows). Panel D shows active smooth muscle cells 

with a nucleus and several protrusions making cell-to-cell communications. These 

protrusions are identified by green lines (D1). Panel H shows the nucleus and the smooth 

muscle cell without any protrusions. The area for comparison is marked by a black dotted 

line (H1). Cav1 = caveolin-1; Cav3 = caveolin-3; T2DM = type 2 diabetes mellitus; WT = 

wild type. Figure 3 is available online at www.jsm.jsexmed.org.
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Figure 4. 
Panel A shows western blot gel for Cav1 and Cav3 in control (C1–C4) and T2DM (D1–D4) 

mice. GAPDH was used to normalize Cav1 and Cav3 values. Panel B shows a significant 

decrease in Cav1 and Cav3 in T2DM mice compared with control (WT) mice. Panel C 

shows western blot gels for fibrosis markers. Panel D shows a significant increase in TGFβ, 

SMAD-3, β-CAT, and protein penile levels in T2DM mice (D1–D4) compared with control 

mice (C1–C4). Protein levels of GSK3 and PDE5 showed an increase in T2DM but the 

increase was not significant. Panel E (top) shows western blot gel for eNOS in control (C1–

C4) and T2DM (D1–D4) mice. GAPDH was used to normalize Cav1 and Cav3 values. Panel 

E (bottom) bar graph shows a significant decrease in eNOS in T2DM compared with control 

mice. Panel F shows biochemical analysis indicating a significant increase in PDE5 activity 

in T2DM compared with control mice. *P < .05. β-CAT = β-catenin; Cav1 = caveolin-1; 

Cav3 = caveolin-3; eNOS = endothelial nitric oxide; GAPDH = glyceraldehyde 3-phosphate 

dehydrogenase; GSK3 = glycogen synthase kinase-3; PDE5 = phosphodiesterase type 5; 
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SMAD3 = small mothers against decapentaplegic 3; T2DM = type 2 diabetes mellitus; TGF-

β = transforming growth factor-β; WT = wild type.
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Figure 5. 
Panels A, B, and C show Doppler flow velocity from control (WT), Cav-1 KO, and Cav-3 

KO mice, respectively, at baseline and after prostaglandin E1 injection. Panel D shows bar 

graph of mean values of PSV in control (WT), Cav-1 KO, and Cav-3 KO mice. Cav-1 KO 

mice showed a significant decrease in PSV, whereas Cav-3 KO animals did not. *P < .05. 

Cav-1 = caveolin-1; Cav-3 = caveolin-3; EDV = end-diastolic velocity; KO = knockout; PSV 

= peak systolic velocity; WT = wild type. Figure 5 is available online at 

www.jsm.jsexmed.org.
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Figure 6. 
Panel A shows representative images of the time course of PGE1 injection-induced changes 

to penile blood perfusion in control mice (WT). Panel B shows three representative peak 

perfusion images from control (WT), Cav-1 KO, and Cav-3 KO mice. Panel C shows a bar 

graph of mean values of peak penile perfusion in control (WT), Cav-1 KO, and Cav-3 mice. 

Cav-1 KO mice had a significant decrease in penile blood perfusion, whereas the decrease in 

Cav-3 KO animals was not significant. *P <.05. Cav-1 = caveolin-1; Cav-3 = caveolin-3; KO 

= knockout; PGE1 = prostaglandin E1; ROI = region of interest; WT = wild type. Figure 6 is 

available online at www.jsm.jsexmed.org.
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